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ABSTRACT 
The mechanisms and k i n e t i c s  of n i cke l  chromite and coba l t  chromite 
formation were s tud ied  using dense po lyc rys t a l s  and s i n g l e  c r y s t a l s  of 
NiO,  COO, and C r 2 0 3 .  The inf luence of time, temperature, oxide p u r i t y  
and oxide s t r u c t u r e  on s p i n e l  s t r u c t u r e s  and formation r a t e s  were 
determined. Experiments were performed by r eac t ing  pure C r 2 0 3  p e l l e t s  
with pure, manganese-doped, and silicon-doped p e l l e t s  of N i O  and COO. 
A l l  r eac t ions  were done i n  a i r  f o r  times ranging from 24 t o  640 hours, 
and a t  temperatures from 1200 t o  15OO0C. 
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SUMMARY 
The following e f f e c t s  were observed i n  both n icke l  chromite and 
cobal t  chromite s tud ie s .  Thin i n e r t  markers t h a t  were i n i t i a l l y  a t  
the  NiO,  CoO/Cr,03 i n t e r f a c e  were found buried i n  the NiO,  COO a f t e r  
the  r eac t ion .  P r e c i p i t a t i o n  of N i C r 2 0 4  i n  COO was observed on both 
s ides  of t he  buried markers. These e f f e c t s  a r e  the  r e s u l t  of chromium 
d i s s o l u t i o n  i n  the  monoxides a t  the  r eac t ion  temperature and prec ip i -  
t a t i o n  on subsequent cooling. I t  was concluded t h a t  the markers remain 
s t a t i o n a r y  during the  react ions,  and t h a t  the  s p i n e l  l aye r s  migrate 
toward the C r 2 0 3  half  of the  r eac t ion  couple by a mechanism of counter- 
cur ren t  d i f f u s i o n  of N i 2 f ,  CoZf, and Cr3+  i n  N i O ,  COO. 
The r a t e s  of n icke l  chromite formation i n  dense, crack-free speci-  
mens a r e  two orders  of magnitude smaller  than the  r a t e s  of formation i n  
porous Specimens, or a t  sur faces  of dense specimens. These s o l i d  s t a t e  
r eac t ion  r a t e s  a r e  cont ro l led  by the  r a t e  of chromium d i s so lu t ion  i n  
the n icke l  oxide, while the  sur face  r eac t ion  r a t e s  a re  cont ro l led  by a 
combination of vapor t ranspor t  of r eac t an t s  and oxygen, and d i f fus ion  
of N i 2 +  and C r 3 +  through the  sp ine l .  When chromium oxide d i s so lu t ion  
i s  accounted f o r  ( a n a l y t i c a l l y ) ,  the  mechanism of s o l i d  s t a t e  s p i n e l  
formation i s  found to  be countercurrent  d i f fus ion  of N i 2 +  and C r 3 +  
through the  s p i n e l  layer .  This mechanism was confirmed when a chromium 
sa tu ra t ed  n i cke l  oxide p e l l e t  w a s  reacted with chromium oxide, and the  
platinum marker was found buried i n  the  sp ine l .  
The r a t e s  of cobal t  chromite formation is  dense, crack-free speci-  
mens and a t  specimen sur faces  a r e  i d e n t i c a l .  I f  d i s so lu t ion  e f f e c t s  
a r e  accounted f o r  ana ly t i ca l ly ,  the  markers a r e  found to  be a t  the  COO/ 
CoCr204 in t e r f ace .  This marker pos i t i on  confirms the  un id i r ec t iona l  
d i f fus ion  of Co2+ and 02- through the  s p i n e l  l aye r  a s  t he  r eac t ion  
mechanism. 
1 
A l l  measured r a t e s  were found t o  agree wel l  wi th  t h e o r e t i c a l  r a t e s  
ca lcu la ted  from the  Wagner-Schmalzried model and ava i l ab le  thermodynamic 
and k i n e t i c  da ta .  I t  was concluded, however, t h a t  these  agreements must 
be viewed with caut ion  because of v a r i a b i l i t y  i n  d i f f u s i o n  da ta .  
Additions of manganese or s i l i c o n  impur i t ies  t o  N i O  do not a f f e c t  
the r a t e s  of n icke l  chromite growth, although manganese enrichment of 
the  chromite l aye r  i s  observed with Mn-doped specimens, and formation 
of two-phase NiCr,O, t- Cr,03  r eac t ion  layers  is  observed with Si-doped 
specimens. Additions of manganese t o  COO reduce the  r a t e s  of cobal t  
chromite formation, while addi t ions  of s i l i c o n  increase  the  r a t e s .  'The 
slower s p i n e l  formation r a t e s  with manganese-doped COO i s  t e n t a t i v e l y  
a t t r i b u t e d  t o  higher r a t e s  of chromium d i s so lu t ion  i n  the  cobal t  oxide, 
or slower r a t e s  of cobal t  d i f fus ion  through the  sp ine l .  The acce lera ted  
r a t e  of coba l t  chromite formation from Si-doped cobal t  oxide i s  a t t r i b -  
uted t o  counter-current d i f fus ion  of Co2' and Cr3' through a continuous 
Co,SiO, phase t o  form la rge  CoCr20, c r y s t a l s  i n  the  r eac t ion  layer .  
2 
I INTRODUCTION 
Spinels are a class of ionic compounds formed from strongly 
electro-positive metal ions and strongly electronegative nonmetal 
ions. These compounds commonly exist as oxides, sulfides, or  iodides, 
are distinguished from other ionic compounds by their crystallographic 
structure, and are technologically important as computer memory cores 
and as protective scales formed during the oxidation of high-tempera- 
ture alloys. 
To aid in the design of future alloys for high-temperature 
service, it is necessary to know the mechanisms by which oxide spinels 
form, the rates at which they form and the influence of common alloy 
impurities on both their rates and mechanisms of formation. This type 
of information cannot readily be obtained by oxidation experiments in 
binary or higher-order alloys, because a variety of complex reactions 
can occur which complicate interpretation. The simplest and most 
direct method for studying oxide spinel formation is the isothermal 
reaction of pure or impure binary oxides to form the ternary spinel. 
The particular spinels studied in this work are nickel chromite 
(NiCr,O,) and cobalt chromite (CoCr,O,). These spinels were chosen 
for study because they are common oxidation products of a variety of 
widely used alloys, and are partially responsible for the oxidation 
resistance of nickel-chromium and cobalt-chromium binary alloys, 
nickel-chromium based and cobalt-chramium based superalloys, and aus- 
tenitic stainless steels. 
In the review section, the pertinent theoretical and experimental 
literature on spinel formation is discussed. This review emphasizes 
the sophisticated theoretical treatments that are directly applicable 
to studies of the mechanisms and kinetics of spinel formation. The 
review also presents a variety of experimental studies of oxide spinel 
3 
formation, and emphasizes the experimental complications in the deter- 
minations of reaction mechanisms for oxide spinels in general and for 
nickel and cobalt chromites in particular. 
In the experimental portion of this work, the mechanisms and rates 
of nickel chromite and cobalt chromite formation are studied by reac- 
ting dense, high-purity, manganese-doped, and silicon-doped nickel and 
cobalt oxides with dense, high-purity chromium oxide. The objectives 
of this work are: first, to determine the mechanisms and rates of 
nickel chromite and cobalt chromite formation from dense, high-purity 
oxides and, second, to determine the mechanisms and rates of nickel 
chromite and cobalt chromite formation from dense, manganese-doped, and 
silicon-doped nickel and cobalt oxides. None of these experimental 
variables have been studied previously. Previous kinetic studies of 
nickel chromite and cobalt chromite formation have been limited to low 
density oxides ( 5  80% of theoretical density) in which vapor transport 
effects through oxide pores complicated interpretation. Further, 
there is only limited information' on the influence of impurities on 
spinel formation. The impurities for these studies (Si and Mn) were 
chosen on the basis of previous studies by Hickman and Gulbransen2 and 
Douglass3 in which these impurities strongly affected oxidation rates 
of Ni-Cr and Fe-Ni-Cr alloys by preventing or enhancing the formation 
of spinels. 
In the results and discussion sections, the mechanisms and rates 
of spinel formation from pure and doped oxides are compared with the 
mechanisms and rates determined in previous studies and with theoreti- 
cally determined reaction rates. These results are discussed in terms 
of the rate-controlling mechanisms for spinel formation, and conclu- 
sions are presented in the final section. 
4 
The bas ic  ob jec t ives  of t h i s  work were t o  ob ta in  da t a  which would 
enable an eva lua t ion  t o  be made of the  r o l e  of s p i n e l s  a s  cons t i t uen t s  
of oxide s c a l e s  i n  the  oxidat ion behavior of complex a l l o y s .  Because 
the  work t o  be reported i s  so extensive,  t he re  w i l l  be no attempt t o  
r e l a t e  these  d a t a  t o  a c t u a l  ox ida t ion  behavior. A separa te  r epor t  
concerning the  oxida t ion  behavior of Ni-2OCr and Co-2OCr doped w i t h  
e i t h e r  s i l i c o n  or manganese w i l l  consider  the  r o l e  t h a t  sp ine l s  play 
i n  the  oxida t ion  behavior. 
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I1 REVIEW 
Stoichiometr ic  formulas of s p i n e l s  can be 432x4, A2BX4, or A3X4. 
The f i r s t  formula represents  t he  normal s p i n e l  s t r u c t u r e  i n  which 
d iva len t  ca t ion  A is  i n  a t e t r a h e d r a l  s i t e ,  t r i v a l e n t  ca t ion  B is i n  
an oc tahedra l  s i t e ,  and d iva len t  anion X is i n  a normal anion s i t e .  
A may a l s o  be a t e t r a v a l e n t  ca t ion  and B a d iva len t  ca t ion .  The f i r s t  
combination is  the re fo re  known as a normal 2-3 sp ine l ,  while the  
second is known as a normal 2-4 sp ine l .  The second formula represents  
an inverse  sp ine l ,  the  A c a t i o n s  being i n  oc tahedra l  s i t e s  and the  B 
c a t i o n  i n  a t e t r a h e d r a l  s i t e .  I n  the  inverse s p i n e l  t he  ca t ions  may 
a l s o  take a 2-4 combination i n  which the  A c a t i o n s  a r e  d iva l en t  and 
the  B c a t i o n  is  t e t r a v a l e n t .  The t h i r d  formula represents  the  
s p e c i a l  case i n  which the  s p i n e l  i s  formed from s i n g l e  element ca t ions  
which e x i s t  i n  two ion iza t ion  s t a t e s  i n  the  c r y s t a l .  
The poss ib le  s p i n e l  chemical compositions a re  shown i n  Table 1. 
Close inspec t ion  of t h i s  Table r evea l s  t h a t  t he  nomenclature i s  not 
e n t i r e l y  cons i s t en t  w i t h  the  ion iza t ion  s t a t e s ;  i .e . ,  the  normal 2-4 
s p i n e l  should probably be c a l l e d  a normal 4-2 sp ine l .  
Table 1 
SPINEL NOMENCLATURE 
Nomenclature Formula Ioniza t ion  S t a t e  
A2+ B 3 f  X2’ N o r m a l  2-3 432x4 
7 
A. Cation Diffusion i n  Spinel  S t ruc tu res  
The s p i n e l  c r y s t a l  i s  cubic,  and its u n i t  c e l l  c o n s i s t s  of 32 
anions packed i n  a near ly  face-centered-cubic lat t ice.  A schematic 
r ep resen ta t ion  of one e igh th  of the  s p i n e l  u n i t  c e l l  i s  shown i n  
Fig.  1. T h i s  packing r e s u l t s  i n  the formation of 64 t e t r a h e d r a l  
s i tes ( i n t e r s t i t i a l  s i t e s  equ id i s t an t  from four  neares t  neighbor 
anions) and 32 oc tahedra l  s i tes  ( i n t e r s t i t i a l  s i t e s  equ id i s t an t  from 
s i x  neares t  neighbor anions) .  
hedra l  and 16 of the  oc tahedra l  s i t e s  a r e  occupied i n  the  s p i n e l  u n i t  
c e l l .  
Of those ava i lab le ,  only 8 of t he  tetra- 
As is  evident  from Fig.  1, each occupied oc tahedra l  s i t e  has 12 
neares t  neighbor oc tahedra l  s i t e s  ( 6  of which may be occupied) and 8 
neares t  neighbor t e t r a h e d r a l  s i t e s  (none of which may be occupied). 
Conversely, each occupied t e t r a h e d r a l  s i t e  has 6 nea res t  neighbor 
t e t r a h e d r a l  s i t e s  (none occupied and 4 neares t  neighbor oc tahedra l  
sites ( none occupied).  
Diffusion of ca t ions  i n  s p i n e l  s t r u c t u r e s  may be by any of th ree  
mechanisms: vacancy d i f fus ion ,  i n  which a ca t ion  simply exchanges 
p laces  w i t h  a vacant octahedral  site; i n t e r s t i t i a l  d i f f u s i o n  i n  which 
a c a t i o n  i n  a t e t r a h e d r a l  s i t e  can d isp lace  an ion i n  an adjacent 
oc tahedra l  s i t e  i n t o  a t e t r a h e d r a l  site; and voidal  d i f fus ion  i n  
which c a t i o n s  move from one normally unoccupied t e t r a h e d r a l  s i te  to a 
normally unoccupied oc tahedra l  si te.5 
c a t i o n  d i f f u s i o n  paths  i n  a normal 2-3 s p i n e l  can be seen i n  Fig. 1. 
A B3+ c a t i o n  moving d i r e c t l y  from an oc tahedra l  l a t t i c e  pos i t i on  to  an 
adjacent  oc tahedra l  l a t t i c e  pos i t i on  must pass  between t w o  X2' anions 
a t  t h e i r  po in t  of closest approach ( p a t h  1, Fig  1). 
d i f f u s i o n  pa th  is for the  B3+ c a t i o n  t o  move from i t s  oc tahedra l  s i t e  
t o  an adjacent  unoccupied t e t r a h e d t r a l  s i t e  and thence t o  another octa- 
hedral  s i t e  ( p a t h  2) ,  thus minimizing the  s t ra in  energy f o r  t r anspor t  
along pa th  1. cation 
Qual i ta t ive  examples of poss ib le  
An a l t e r n a t i v e  
S imi la r ly  the  d i r e c t  d i f fus ion  pa th  of the  A2+ 
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For clarity, only three tetrahedral 
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from one t e t r a h e d r a l  s i t e  t o  an adjacent  t e t r a h e d r a l  s i t e  ( p a t h  3) 
r equ i r e s  the c a t i o n  t o  pass between t w o  anions a t  t h e i r  po in t  of 
c l o s e s t  approach. However, the s e r i e s  of jumps tha t  take the  A2+ ion  
from i ts  t e t r a h e d r a l  s i t e  through an adjacent  oc tahedra l  s i t e  and 
then t o  a t e t r a h e d r a l  s i te  ( p a t h  4)  r equ i r e s  less s t r a i n  energy than 
the  d i r e c t  t e t r ahedra l - t e t r ahedra l  jump. 
I t  is  d i f f i c u l t  t o  determine whether octahedral-octahedral  or 
oc tahedra l - te t rahedra l  pa ths  a r e  favored f o r  c a t i o n  d i f fus ion  i n  
sp ine l s .  S tudies  of the  preference energ ies  f o r  ca t ion  occupation 
of oc tahedra l  or t e t r a h e d r a l  s i t e s  have been made by Goodenough' and 
reviewed by D i l s . '  Br ie f ly ,  these  s t u d i e s  have shown tha t  many 
t r a n s i t i o n  metal ions have s t rong preference f o r  oc tahedra l  r a t h e r  than 
t e t r a h e d r a l  coordinat ion.  
N i 2 +  have oc tahedra l  s i t e  preference energ ies  of 1.37, 1.97, and 
1.22 eV, while ions  such a s  Co2f and Mn2+ have s i t e  preference ener- 
g i e s  of 0.19 and 0.37 e V .  Therefore, the  former ions  a r e  biased 
toward octahedral-octahedral  jumps, while the  l a t t e r  could r e a d i l y  
take  oc tahedra l - te t rahedra l  d i f f u s i o n  paths .  
For example, ions such as Mn3+, Cr3+, and 
Published measurements of ca t ion  d i f fus ion  i n  oxide spinelss-16 
a r e  shown i n  Table 2. The r e l i a b i l i t y  of some of these  data ,  however, 
i s  open t o  question, because of the  poor r ep roduc ib i l i t y  of t he  
measurements. 
z inc  f e r r i t e  d i f f e r  by 4 orders  of magnitude, and measured a c t i v a t i o n  
energ ies  f o r  Cr3+ d i f f u s i o n  i n  n i cke l  chromite d i f f e r  by 27 kcal/mole. 
I t  is  evident,  therefore ,  that  these da ta  must be used ca re fu l ly .  I t  
w i l l  be shown l a t e r  i n  t h i s  s e c t i o n  t h a t  s p e c i a l  c r i t e r i a  must be met 
before d i f f u s i o n  measurements of t e rna ry  sys tems w i l l  produce mean- 
i n g f u l  data. Only those  d i f f u s i o n  data that meet these  c r i t e r i a  w i l l  
be used i n  the  i n t e r p r e t a t i o n  of experimental  r e s u l t s  obtained i n  t h i s  
work, 
For example, the  measured d i f f u s i o n  r a t e s  f o r  Zn2+ i n  
10 
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B. Defect Equ i l ib r i a  
The de fec t  e q u i l i b r i a  of te rnary  ion ic  c r y s t a l s  (of  which s p i n e l s  
a r e  a s p e c i a l  case)  have been s tudied i n  d e t a i l  by Schmalzried and 
Wagner” and by Schmalzried.” 
i n t e r p r e t a t i o n  of s p i n e l  formation experiments warrants a summary of 
t h e i r  approaches and conclusions.  
The importance of these  s t u d i e s  t o  the  
A te rnary  ion ic  c r y s t a l  c o n s i s t s  of one phase and three  compo- 
nents .  To def ine  the  thermodynamic s t a t e  of t he  c r y s t a l  we must f i x  
four  s t a t e  va r i ab le s  i n  accordance with the  phase r u l e .  I f  four  of 
the s t a t e  va r i ab le s  a r e  not f ixed ,  the  s t a t e  i s  not defined, and 
measurements of r eac t ion  r a t e s ,  d i f f u s i v i t i e s ,  and conduc t iv i t i e s  a re  
equal ly  undefined. I t  i s  f o r  t h i s  reason t h a t  many of the  d i f fus ion  
da ta  f o r  s p i n e l  systems a r e  only of q u a l i t a t i v e  value, s ince  only T, 
P, and Po were f ixed .  I n  t e rna ry  systems it i s  genera l ly  convenient 
( t h e o r e t i c a l l y )  to  f i x  the  thermodynamic a c t i v i t y  of one of the  ca t ions  
i n  addi t ion  t o  T, P, and p The experimental methods by which the 
four th  s t a t e  property is f ixed,  however, a r e  very dependent on the  
p a r t i c u l a r  system and measurement of i n t e r e s t .  
-
2 
0 2  
The de fec t  no ta t ions  of Kroger and Vink” a r e  given below. This 
no ta t ion  uses do t s  t o  ind ica t e  excess pos i t i ve  charges, and primes t o  
ind ica t e  excess negat ive charges r e l a t e d  t o  the  nominal e l e c t r o s t a t i c  
charges of the  normal l a t t i c e  cons t i t uen t s .  
ca t ion  A on i t s  normal l a t t i c e  s i t e  
ca t ion  B on i t s  normal l a t t i c e  s i t e  
anion X on i t s  normal s i t e  
AA 
BB 
xX 
A’ d iva l en t  c a t i o n  A on hn i n t e r s t i t i a l  s i t e  i 
B;” 
XI; 
V i ’  
t r i v a l e n t  ca t ion  B on an i n t e r s t i t i a l  s i t e  
d iva l en t  anion X on an i n t e r s t i t i a l  s i t e  
anion vacancy i n  normal X s i t e  
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$' c a t i o n  A on normal B s i t e  ( d e f e c t  has a negat ive charge) 
BA' 
e '  excess e l ec t ron  
c a t i o n  B on a normal A s i te  ( d e f e c t  has a p o s i t i v e  charge) 
h' e l e c t r o n  hole 
Concentrations a r e  noted i n  parentheses, and are i n  u n i t s  of number 
of de fec t s  pe r  l a t t i c e  molecule. 
represents  the  number of A ca t ions  on normal B s i t e s  per  molecule of 
For example, t he  nota t ion  (AB') 
AB,X, 
To r e l a t e  the  de fec t  e q u i l i b r i a  t o  t h e  s toichiometry of t h e  s p i n e l  
i t  is  f i r s t  necessary t o  wr i te  i t s  s to ich iometr ic  formula a s  
(1 + a> Ax + (1 + B)B,X,  = A ( 1  + a) B, (1  + CL)x (4 + CL + 3 e )  (1) 
With t h i s  notat ion,  t he  s toichiometry of the  c rys ta l  i s  defined by 
where y N 0 de f ines  a s to ich iometr ic  s p i n e l  
y > 0 def ines  s p i n e l  containing excess B,X, 
y < 0 def ines  a s p i n e l  containing excess AX 
The following major assumptions a r e  then made i n  order  t o  r e l a t e  
the  s toichiometry parameter ( y )  t o  the  poss ib le  types of d e f e c t s  i n  
the  spinel ;  
1. Negligible  e l e c t r o n i c  d isorder  e x i s t s  i n  the  sp ine l .  
2 .  Cations may not s u b s t i t u t e  on normal anion l a t t i c e  s i t e s .  
By wr i t ing  a s e r i e s  of mass balance equat ions f o r  ca t ions  and 
anions, and s i t e  balance equations f o r  ca t ion  and anion sites, the  
poss ib le  de fec t  p a i r s  i n  the  s p i n e l  c rys ta l  can be r e l a t e d  t o  the  
s toichiometry parameter ( y )  a s  shown i n  Table 3. I f  the  anion defec t  
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Table 3 
POSSIBLE DEFECT PAIRS IN SPINEL CRYSTALS~~ 
Sto ic  h i  ome t r y  Defect P a i r s  
y > 0 excess B,X, (B"', Vi'); (B;.', X i t t  >; (Vi', Bi); i 
concentrat ions a r e  small  i n  comparison t o  the  c a t i o n  defec t  concentra- 
t ions ,  the  number of poss ib le  defec t  pairs  i s  s i g n i f i c a n t l y  reduced. 
The defec t  concentrat ions of Table 4 a r e  the re fo re  determined from 
Table 3 by assuming low anion defec t  concentrat ions and accounting 
for e l e c t r o n e u t r a l i t y  i n  the  sp ine l .  Having the  data of Table 4, i t  
i s  then necessary t o  have a b a s i s  for deciding which of the  de fec t  
p a i r s  con t ro l s  the  p rope r t i e s  of the  sp ine l ,  i .e . ,  which de fec t s  e x i s t  
i n  g r e a t e s t  concentrat ions.  
Schmalzried has determined a s e r i e s  of numerical c o e f f i c i e n t s  
t h a t  a r e  c h a r a c t e r i s t i c  of the  de fec t s  i n  a spine1,by combining the  
mass and s i t e  balance equat ions mentioned previously w i t h  a s e r i e s  of 
equi l ibr ium de fec t  equations of t h e  form: 
where K,  the  equi l ibr ium constant  for  equat ion 3, i s  based on l o w  
concentrat ions of nonin terac t ing  defec ts .  From these  equations and 
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Table 4 
CATION DEFECT CONCENTRATION RELATIONS FOR ABZX, 
Stoichiometry 
the  in tegra ted  Gibbs-Duhem equation f o r  the  sp ine l ,  i t  is  poss ib le  
t o  r e l a t e  the  a c t i v i t y  of a 
by equat ions of t he  form 
to  the  concentrat ion of the  defec t  ( i )  
AX 
(4)  Ax d An (i) = n d Rn a i 
where n i s  a numerical c o e f f i c i e n t  t h a t  cha rac t e r i zes  the  de fec t .  
The values  of n . f o r  var ious c a t i o n  de fec t s  a r e  given i n  Table 5. The 
c h a r a c t e r i s t i c  ca t ion  defec t  c o e f f i c i e n t s  of Table 5 must then be 
r e l a t e d  t o  a measurable proper ty  of t he  s p i n e l  i n  order  t o  determine 
the  de fec t  s t r u c t u r e  experimentally.  Schmalzried has shown t h a t  the  
se l f -d i f fus ion  c o e f f i c i e n t s  of ions i n  s p i n e l  c r y s t a l s  a r e  r e l a t e d  t o  
a c t i v i t i e s  by the  equation: 
i 
1 
where D j ( a ' A X  1 is  the  se l f -d i f fus ion  c o e f f i c i e n t  of i on  j i n  the  
sp ine l ,  which is i n  equi l ibr ium w i t h  AX of a c t i v i t y  
Ax a '  
D.(artAx) i s  the  s e l f  d i f fus ion  c o e f f i c i e n t  of ion  j i n  the  
J 
sp ine l ,  which is i n  equi l ibr ium w i t h  AX of a c t i v i t y  
Ax a" 
n i s  the  c h r a c t e r i s t i c  de fec t  c o e f f i c i e n t  
i 
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Table 5 
CHARACTERISTIC COEFFICIENT OF CATION DEFECT 
PAIRS18 IN AB2X4 
a An (A;') a An (B;") 
Defect Pairs n -  n -  A - a h a A X  B - a Rn am 
Ai', V i "  4/5 (0.8) -4/5 (-0.8) 
A;', $' 4/3 (1.33) 0 
Bi" ,  $' 2 1 
A i ' ,  VA" 0 -2 
4 
4/3 (1.33) 
4/5 (0.8) 
2 
4 
0 
-4/5 (-0.8) 
1 
It is experimentally simple to measure diffusion coefficients at 
fixed T, P, p with specimens in equilibrium with either pure AX or 
pure B,X3. Since the activities of the two assumed components in 
equilibrium with the spinel are related by the integrated form of the 
Gibbs-Duhem equation, 
x2 
a * a  = exp [A Go/RT] 
Ax B2X3 
equation 5 is simplified to 
or 
Dj (aAX = 1) 
= exP Cni A Go/RT] D a  = 1) 
j ( B2X3 
RT [Dj 'aA.X' ] ni = 7 An 
A G  D a  = 1) 
j ( B2X3 
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where AGO is f r e e  of energy of formation of t h e  s p i n e l  when reac- 
t a n t s  and products a re  i n  t h e i r  standard state.  
Measurements of t he  r a t i o s  of d i f f u s i o n  c o e f f i c i e n t s  of Cations 
i n  s p i n e l s  a t  f i xed  values of T, P, p and a have been made f o r  a 
v a r i e t y  of sp ine l s  including n icke l  chromite and cobal t  chromite." 
These da ta  a r e  shown i n  Table 6, along w i t h  the experimentally de te r -  
mined values of n and probable d isorder  types.  A s  the  Table shows, 
Schmalzried has in t e rp re t ed  the  values of n t o  mean t h a t  n icke l  and 
cobal t  chromite have excess  i n t e r s t i t i a l  n i cke l  and coba l t  ions, 
respect ively,  which a re  compensated f o r  by chromium vacancies. Con- 
versely,  cobal t  aluminate contains  i n t e r s t i t i a l  aluminum ions  and 
cobal t  vacancies. 
x2 A x  
i 
i 
Comparison of the  experimentally determined values of n w i t h  i 
the  t h e o r e t i c a l  values i n  Table 5 r evea l s  t ha t  the probable r a t e -  
con t ro l l i ng  d e f e c t s  i n  n i cke l  and cobal t  chromite sp ine l s  could a l s o  
be i n t e r s t i t i a l  chromium and nickel /cobal t  vacancies, respect ively,  
a s  wel l  as the  de fec t s  proposed by Schmalzried. 
Schmalzried has presented no argument to  defend h i s  choice of 
probable de fec t s  i n  these  systems. However, t h i s  approach has 
narrowed the  number of poss ib l e  defec t  types t h a t  con t ro l  t ranspor t  
reac t ions  i n  coba l t  and n i cke l  chromite s p i n e l s  from a t o t a l  of 16 
p o s s i b i l i t i e s  t o  2 p o s s i b i l i t i e s ,  namely ( A  ") = 3/2 ( VBt ' I )  or  
( B i " )  = 2/3 (V,"). Each of these probable defec t  p a i r s  has the  same 
value of the  c h a r a c t e r i s t i c  defect  c o e f f i c i e n t  ( n  - 4/5); t h i s  value 
w i l l  be used i n  the  ca l cu la t ions  of t he  t h e o r e t i c a l  parabol ic  r eac t ion  
r a t e  cons tan ts  f o r  n i cke l  chromite and coba l t  chromite formation. 
i 
A -  
C. Theore t ica l  Models of Spinel  Formation 
For the  purposes of t h i s  s tudy the  r eac t ion  system i s  defined a s  
follows. The s t a r t i n g  oxides A 0  and B,O, a r e  placed i n  contact  along 
a p lanar  i n t e r f a c e .  A s  the  r eac t ion  
A0 + B,O, -+ AB,O, (9) 
17 
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proceeds, a l aye r  of s p i n e l  forms between the  s t a r t i n g  oxides.  For 
t he  i n i t i a l  d i scuss ion  it  w i l l  be assumed t h a t  a l l  oxides a r e  of 
t h e o r e t i c a l  densi ty ,  t h a t  e l e c t r o n e u t r a l i t y  i s  maintained, and t h a t  
nonequilibrium defec ts ,  such as d i s loca t ions  and g ra in  boundaries, 
do not inf luence the  s p i n e l  formation rates. With these  r e s t r i c -  
t ions ,  i t  is  apparent t h a t  the  s p i n e l  growth r a t e  w i l l  be d i f fus ion  
l imited,  s ince  the  chemical r e a c t i o n  is  rap id  i n  comparison w i t h  
t r anspor t  through the  oxide. 
I f  t he  mechanism i s  d i f fus ion  control led,  then the  r a t e  of thick-  
ening of the  s p i n e l  layer  ( d  ( r \ x ) / d t )  w i l l  be inverse ly  propor t iona l  
t o  the  thickness  ( A  x) . Sta ted  e x p l i c i t l y ,  
In t eg ra t ion  and rearrangement y i e lds  
A X '  = 2k t 
P 
where k i s  the  parabol ic  r a t e  constant  f o r  the  formation of a s p i n e l  
layer of thickness  A x  during t i m e  t .  
P 
With the  given r e s t r i c t i o n s ,  i t  is  evident t h a t  t he  mechanism 
t h a t  con t ro l s  the  rate constant  can r e a d i l y  be determined by appro- 
p r i a t e  marker measurements, and, once the  mechanism i s  determined a 
t h e o r e t i c a l  value f o r  the  rate constant  can be ca l cu la t ed  and compared 
w i t h  the  experimental  r a t e  constant  from equat ion 11. 
The poss ib le  mechanisms a re  shown schematical ly  i n  Fig. 2 .  
Mechanism 1 represents  d i f fus ion  of doubly ionized ca t ions  and anions 
through the  s p i n e l  l aye r  and r eac t ion  a t  the  spinel/B,O, in t e r f ace .  
I n  t h i s  mechanism, any markers a t  the  o r i g i n a l  ( AO/B,O, i n t e r f a c e  w i l l  
be found a t  t he  AO/spinel i n t e r f a c e  a f t e r  the  reac t ion .  I t  i s  evident  
t h a t  t h i s  mechanism is independent of the  oxygen a c t i v i t y  i n  the  sur- 
rounding gas atmosphere. Since i t  is  commonly thought t h a t  anion 
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A 0  AB204 
t 
A 0  -+ A2+ + 0,- A2+ 
0,- +. %O, i 2e- 2e- 
'2'3 
"0, + 2e -+ 0,- 
A2+ + 0,- + B,03 +. AB,04 
A 0  
2$+ + 30,- + AO +. AB,O~ 
3/20, + 6e -+ 30,- 
AB204 B2°3 
4 
Z B ~ +  
30,- 4 b  
B,O, -+ Z B ~ +  + 30,- 
- 
D 
2 ~ 3 +  30,- + AO -+ AB,O~ 
A 0  
A 0  
3AO +. 3A2+ + 30,- 
2 ~ ~ +  + 30,- + AO -+ AB,O, 
AB204 B2°3 
- B,O~ +. Z B ~ +  + 30; t Z B ~ +  
30; +. 3/20, + 6C 
- c 6 8  t 
AB204 a 
3A2+ - 
a 
* Z B ~ +  
z 
B2°3 
(3) 
(5) 
B,O, +. Z B ~ +  + 30,- 
w2+ + 30,- + 3B,03 + 3AB204 
TA-7359-2 
FIGURE 2 EXAMPLES OF POSSIBLE SPINEL REACTION MECHANISMS: (1) Divalent 
cation and anion diffusion; (2) Divalent cation and electron diffusion; (3) Trivalent 
cation and divalent anion diffusion; (4) Trivalent cation and electron diffusion; 
(5) Countercurrent cation diffusion, 
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d i f f u s i o n  through the  s p i n e l  l aye r  is s l o w  with r e spec t  to  c a t i o n  
d i f fus ion ,  mechanisms such as  2 have been developed i n  which oxygen 
follows a s h o r t - c i r c u i t  pa th  through the  gas phase while d iva l en t  
ca t ions  and e l ec t rons  d i f fuse  through the  s p i n e l  layer .21?22926 
The r eac t ion  sequence is: ( a )  d i s soc ia t ion  of the  A2" and 0'- ions 
i n  AO, (b)  r eac t ion  of 0' anions t o  form oxygen gas  a t  the  specimen 
sur face  and excess e l ec t rons  i n  the AO, ( c )  simultaneous t r anspor t  
of oxygen through the  gas phase and A2+ and excess e l ec t rons  through 
the  s p i n e l  layer ,  (d )  i on iza t ion  of oxygen w i t h  excess e l ec t rons  a t  the  
B2O3 surface,  and ( e )  r eac t ion  of A2+ and 0' w i t h  B203 t o  form sp ine l .  
Mechanism 2 w i l l  leave the  marker a t  the same loca t ion  as mechanism 1, 
but i t  can operate  only when the re  i s  a s u f f i c i e n t  oxygen p a r t i a l  pres- 
su re  i n  the  gas phase, and when there  is  a poss ib l e  path f o r  oxygen, 
i . e . ,  when the  r eac t ion  product doesn ' t  phys ica l ly  i s o l a t e  the  
r eac t an t s .  I t  is  evident  t h a t  mechanism 2 avoids the  problem of slow 
anion d i f f u s i o n  i n  the  s p i n e l  by the  s u b s t i t u t i o n  of anion d i f fus ion  
i n  the  s t a r t i n g  oxides (which could be a s  slow). 
Mechanisms 3 and 4 i n  Fig.  2 a r e  analogous t o  1 and 2, respec- 
t i v e l y .  I n  3 and 4 the t r i v a l e n t  ca t ions  a re  moving, and thus  the  
marker a t  the  o r i g i n a l  AO/B,03 i n t e r f a c e  w i l l  be found a t  the  
spinel/B,O, i n t e r f a c e  a f t e r  the  reac t ion .  
Mechanism 5, o f t e n  c a l l e d  the  Wagner mechanism, represents  
inverse ca t ion  d i f f u s i o n  through the  s p i n e l  layer .  T h i s  mechanism 
completely avoids the  need f o r  anion t r anspor t  through the  s p i n e l  layer ,  
through the  s t a r t i n g  oxides, or through t h e  gas phase. The sequence 
of r eac t ions  i s  a s  follows: ( a )  simultaneous d i s s o c i a t i o n  of 3AO t o  
form 3A'" and 302-, and B203 t o  form 2B3" and 30'-; (b )  simultaneous 
countercurrent  d i f fus ion  of 3 A 2 +  and 2B3+ ions across  the  sp ine l ,  
leaving excess anions i n  the  s t a r t i n g  oxides ( s i n c e  both s t a r t i n g  
oxides  a r e  i n  equi l ibr ium w i t h  the  same 
a c t i v i t y  grad ien t  across  the  s p i n e l  and 
gas phase, there  i s  no oxygen 
hence no anion d i f fus ion ) ;  
21 
( c )  r eac t ion  of t he  2B3+ ions w i t h  the  excess oxygen anions and A0 t o  
form AB204 and r eac t ion  of the  3A2+ ions with excess  oxygen anions and 
B203 t o  form 3AB204. 
molecule forms on the  A 0  s ide  of the  o r i g i n a l  i n t e r f a c e  (as defined by 
the  marker pos i t i on )  for every th ree  AB204 molecules t h a t  form on the  
B2O3 s ide .  Thus the  marker is  buried wi th in  the  s p i n e l  l aye r ,  such 
t h a t  the t h e o r e t i c a l  r a t i o  of s p i n e l  thickness  on the  A0 s ide  t o  s p i n e l  
thickness  on the  B203  s ide  i s  1/3. 
T h i s  r eac t ion  mechanism i s  such t h a t  one AB,O, 
D. The Wagner-Schmalzried Theory 
It i s  apparent t h a t  the  simple mechanisms described i n  F ig  2 
should be amenable t o  t h e o r e t i c a l  ca l cu la t ions  which develop e x p l i c i t  
r e l a t i o n s  between known k i n e t i c  and thermodynamic p rope r t i e s  of the  
s p i n e l  and i t s  parabol ic  growth r a t e  constant .  Such t reatments  have 
been made i n i t i a l l y  by Wagner2' and expanded by Schmalzried.21, 2 2  
The bas ic  assumptions i n  t h i s  treatment a re :  
( a )  The r e a c t i o n  l a y e r  i s  dense, and does not conta in  
nonequilibrium de fec t s  such a s  d i s l o c a t i o n s  or g r a i n  
boundaries. 
( b )  In t e r f ace  r eac t ions  a re  f a s t  i n  comparison w i t h  ion  
t r anspor t  through t h e  sp ine l .  
( c )  Diffusing spec ies  a r e  coupled only by the  requirements 
of l o c a l  equi l ibr ium and e l e c t r o n e u t r a l i t y ,  and other-  
wise move independently. 
( d )  Thermodynamic equi l ibr ium e x i s t s  a t  phase boundaries. 
In  these treatments,  the  au thors  have chosen t o  emphasize ion ic  
r a t h e r  than defec t  f l uxes  i n  their  eva lua t ion  of s p i n e l  r eac t ion  r a t e s ,  
and t o  r e l a t e  the  ion ic  d i f f u s i v i t i e s  t o  the c h a r a c t e r i s t i c  c o e f f i c i e n t s  
o f  the  predominant de fec t  e q u i l i b r i a  i n  the  sp ine l .  The th ree  pr in-  
c i p a l  s p i n e l  formation mechanisms tha t  must be considered a re  inverse 
ca t ion  d i f f u s i o n  ( D  
d i f f u s i o n  ( ( D A 2 +  and DO2- >> DB3+), and t r i v a l e n t  c a t i o n  and d iva len t  
and DB3+ >> Do2-), d iva len t  c a t i o n  and anion A2+ 
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anion d i f fus ion  ( D  and D >> DAZ+).  Only the  f i r s t  mechanism 
( i n v e r s e  c a t i o n  d i f fus ion )  w i l l  be described i n  d e t a i l ,  s ince  the  
s t e p s  i n  the  de r iva t ion  of t he  o the r  mechanisms w i l l  be similar. 
B3+ 02- 
The f l u x  of ions 7 ( i n  equiva len ts )  across  the  s p i n e l  l aye r  i s  
i 
given by 
N 
N Di ci zi . -  
RT dx j i  = 
N 
Where Di is  the  d i f f u s i o n  c o e f f i c i e n t  of i on  i, C . i s  the  equivalent  
concentrat ion of i ions  per  u n i t  volume, z 
value) of i on  i, and d ?./dx i s  t h e  electrochemical  p o t e n t i a l  g rad ien t  
pe r  equivalent  of i on  i across  the  s p i n e l  layer .  The use of the  equiva- 
l e n t  r a t h e r  than mole or mole f r a c t i o n  i s  required f o r  t h i s  treatment,  
s ince  the  d i f f u s i n g  spec ies  a re  ions .  The equivalent  i s  determined b y  
t he  product of the  molar concentrat ion and the  absolute  charge of the  
ion. 
2 moles of B3+ ions, and 4 moles of 0'- ions,  conta ins  2 equiva len ts  
of A" ions, 6 equiva len ts  of B3+ ions, and 8 equiva len ts  of 0'- ions.  
I n  the  inverse ca t ion  d i f fus ion  mechanism, the  equivalent  f l uxes  of 
ions  d i f f u s i n g  across  the  s p i n e l  l aye r  a r e  equal  because of e l ec t ro -  
n e u t r a l i t y  requirements, or 
1 
is  the  valence ( abso lu te  
i 
N 
1 
Thus, 1 mole of s p i n e l  AJ3,04, which conta ins  1 mole of A" ions, 
Thus* 
and 
Rearranging and combining equat ions 14 and 15 y i e l d s  
* The charge nota t ions  on the  ions has been removed f o r  s impl i f i ca t ion  
and c l a r i t y ;  a l l  A and B nota t ions  a r e  f o r  A'+ and B3+ ions, respec- 
t i ve 1 y . 
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Assuming that the spinel is an intermediate phase in a quasi-binary 
oxide system composed of A0 and B,O, allows the use of the Gibbs- 
Duhem equation to relate the chemical potential gradients of A0 and 
B,O,. Writing the chemical potentials of the individual oxides in 
the system as the sum of electrochemical potentials of the ions yield 
where equations 17 and 18 are written for molar concentrations. 
Eliminating 5 from equations 17 and 18 and simplifying yields 
0 
Differentiating with respect to x yields 
Substituting the Gibbs-Duhem relation, 
dclAO = -dPB,O, 
into equation 20 and simplifying yields 
d?A dYB 
= 3 ( ~  - .;) (in equivalents) (23) 
where 4 
Substituting equation 23 into equation 16 yields 
/dx is the chemical potential per equivalent of AO. A0 
N 
-D C z . D  A A A  N 
j =  
24 
the  equivalent  f l u x  per  u n i t  time (fi) across  the  t o t a l  r eac t ion  l aye r  
of thickness  A x  and c ross  sec t ion  q i s  given by in t eg ra t ion  of equa- 
t i o n  24 to  y i e ld  
N 
-D C z . D  A A A  
A A A  B B B  
I i = -  
I-D ?! z + D  z z 
N 
Where ptA0 and 2t A 0  
A0 and B,O, s ides ,  respect ively,  of the  s p i n e l  layer .  The d i f fe rence  
between 2 and 2' 
equivalent .  The quant i ty  i n  brackets  represents  t he  average values  of 
the  d i f f u s i o n  coe f f i c i en t s ,  and equivalent  concent ra t ions  of ions 
across  t h e  s p i n e l  layer .  
a r e  the  chemical p o t e n t i a l s  pe r  equivalent  on the 
i s  the free energy of formation of AI3,0, per  
A0 A 0  
Now the product of the  s p i n e l  growth r a t e  d ( A  x /d t )  and the  c ros s  
sec t ion  a rea  q i s  equal t o  the  product of the f l u x  of equivalents  ( A )  
per  u n i t  time and the  volume of s p i n e l  formed per  equivalent  (7).  
Sta ted  exp l i c i t l y ,*  
(26)  
Subs t i t u t ion  of equat ion 26 i n t o  25 and s impl i f i ca t ion  y i e lds  
N 
(27)  or ( A x >  K d t  - A x  
where K is equal  t o  the  quant i ty  i n  brackets  and i s  known as the  
r a t i o n a l  r eac t ion  constant .  In tegra t ing  equat ion 27 y i e lds  the  simple 
parabol ic  equation 
N 
A X '  = 2VKt (28) 
* The e r r o r  i n  t h i s  equat ion given by Morkel and Schmalzried" has 
been cor rec ted  here. 
25 
From comparison with equation 11, i t  i s  evident  t h a t  t he  simple para- 
bo l i c  r eac t ion  r a t e  constant  (k ) f o r  the  inverse  c a t i o n  d i f fus ion  
P 
mechanism i s  given by 
N 
D ? z . DB CB zB 
A A A  B B B  
A A A  ] 5 (;'A0 - ;'io) 1 (29)  k = V K = ; ( [  N P D Z z + D E z  
S imi la r  r e l a t i o n s  can be developed f o r  o ther  mechanisms such as uni- 
d i r e c t i o n a l  d iva l en t  anion and d iva len t  ca t ion  d i f fus ion  
and un id i r ec t iona l  d iva len t  anion and t r i v a l e n t  ca t ion  d i f fus ion  
Inspect ion of equat ions 29, 30, and 31 shows t h a t  the  equat ions can 
be g r e a t l y  s impl i f ied  i f  the  component d i f f u s i o n  c o e f f i c i e n t s  f o r  
each mechanism a re  s u f f i c i e n t l y  d i f f e r e n t .  
the  r eac t ion  r a t e  of equation 29 i s  con t ro l l ed  by d i f fus ion  of A'+ 
ca t ions ,  and 29 is  s impl i f ied  t o  
For example, i f  DA C< DB 
Other equat ions s i m i l a r  t o  32 can be developed from equations 29 t o  
31. To evaluate  the  average value of the  component d i f fus ion  coe f f i -  
c i e n t  f o r  equat ion 32, Schmalzried and have used the  
expression 
- 
A 
D 
N 
- 
N 
dpAO 
(33) 
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Changing the  l i m i t s  of the  dividend and i n t e g r a t i n g  the  d i v i s o r  y i e l d s  
Subs t i t u t ing  34 i n t o  32 and s implifying y i e lds  the  expression 
a '  4 -- kp 5 ' 'A zA*/al: D A d An aAO 
A0 
(35)  
To i n t e g r a t e  equat ion 35, a r e l a t i o n  between D and a must be used. 
Such r e l a t i o n  has been developed by Schmalzried and W a g n e ~ - ' ~ ? ~ l  i n  
which the  component d i f fus ion  D i s  r e l a t e d  t o  the  a c t i v i t y  a by a 
dimensionless f a c t o r  n (descr ibed  i n  the  previous sec t ion ) ,  which is  
the  c h a r a c t e r i s t i c  c o e f f i c i e n t  of the  de fec t  equa l ib r i a  con t ro l l i ng  
the d i f f u s i o n  mechanism. E x p l i c i t l y  t h i s  r e l a t i o n  is: 
A A 0  
A A 0  
A 
where the  expression D ( a  
A A 0  - 
i n  the  s p i n e l  adjacent  t o  (and i n  equi l ibr ium with) AO. 
36 i n t o  35 y i e l d s  
- 1) represents  the  d i f fus ion  c o e f f i c i e n t  
Subs t i t u t ing  
A0 n A 1  
A0 
a '  
4 -- 
k P 3  = - V C  A z A D ( a  A A O -  l)*/ (am) a d(aAO) A 0  a' ' 
In t eg ra t ing  37 and s implifying y i e l d s  
n a '  A A0 
4 - -  k = - V C  z D ( a  P 3  A A A A O '  
Since a '  - 1 and aftAo = exp (A Go/RT), equat ion 38 A 0  - becomes 
4 -- k = -  V CA zA DA( aAO = 1) [1 - exp ( nA A GO/RT> ] 
P 3nA 
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(37) 
(39) 
Equation 39 r e l a t e s  the  parabol ic  r a t e  constant  (which can be measured 
experimentally) w i t h  V, the  volume of s p i n e l  formed per  equivalent  of 
A'+; z the average concentra- 
t i o n  of AZfin the  s p i n e l  l aye r  i n  equiva len ts  pe r  u n i t  volume; 
N 
the  absolute  charge of c a t i o n  A; ? A' A' 
= l), the  d i f f u s i o n  c o e f f i c i e n t  of A'+ i n  s p i n e l  i n  equi l ibr ium 
w i t h  AO; and AGO, the  f r e e  energy of formation of t h e  s p i n e l  from i ts  
pure component oxides .  
DA( 
Measured values of t he  parameters required f o r  the  so lu t ion  of 
equat ion 39 are  ava i l ab le  f o r  a number of oxide sp ine l s .  These include 
d i f f u s i o n  coe f f i c i en t s ,  de fec t  coe f f i c i en t s ,  "1 l8 and f r e e  energ ies  
of formation of spinels..z3 
E.  Experimental Studies  of Oxide Spinel  Formation 
A v a r i e t y  of experimental approaches have been used t o  e luc ida te  
the  mechanisms by which oxide s p i n e l s  form. Some approaches have 
resolved doubts concerning the  con t ro l l i ng  mechanisms, and o the r s  
have r a i sed  doubts. I n  t h i s  s ec t ion  two oxide s p i n e l  systems s tudied 
w i l l  be reviewed. These a r e  the  aluminates and the  chromites. 
The s t u d i e s  on these  two systems i l l u s t r a t e  t he  experimental 
techniques used t o  determine the  r eac t ion  mechanism, and a l s o  i l l u s -  
t r a t e  the  c o n f l i c t i n g  r e s u l t s  when more than one technique is applied 
to  a given sp ine l .  In  addi t ion,  these s t u d i e s  show t h a t  a s p e c i a l  
technique which unambiguously confirms a given r eac t ion  mechanism i n  
aluminates does not provide such confirmations i n  chromites. 
1. Aluminates 
The various f e a t u r e s  of aluminate formation s t u d i e s  a r e  summarized 
i n  Table 7 .  Of p a r t i c u l a r  importance i n  t h i s  t a b l e  a r e  the  c r i t i c a l  
experiments on which the  var ious authors  based t h e i r  conclusions.  One 
of the  ea rL ies t  s t u d i e s  on aluminate systems w a s  t he  work of Bengston 
and Jagitsch.'* I n  these  s tud ies ,  p e l l e t s  of z inc  aluminate were 
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placed between p e l l e t s  of z inc  oxide and aluminum oxide. I n  another  
experiment, platinum markers were placed a t  t he  z inc  oxide/alumina 
in t e r f ace ,  and the  assemblies were reacted i n  a i r  a t  temperatures 
between 12'50 and 1380'C. After  t he  react ions,  the ind iv idua l  p e l l e t s  
were separated and weighed. The platinum markers were found a t  z inc  
oxide/aluminate i n t e r f a c e  a f t e r  t he  react ion,  thus  ind ica t ing  t h a t  
t r anspor t  of Zn2+ and 02- through the  s p i n e l  w a s  t he  c o n t r o l l i n g  
mechanism. I n  addi t ion,  t he  aluminum oxide p e l l e t s  gained weight, 
while the  z inc  oxide p e l l e t s  l o s t  weight, thus  providing f u r t h e r  
support  for  the  proposed mechanism. 
T h i s  experiment was e s s e n t i a l l y  repeated by Lindner and Aker- 
s t r o m . '  
found a t  the  z inc  oxide/spinel  i n t e r f a c e  a f t e r  the  reac t ion .  
and Akerstrom' a l s o  performed the  same experiment w i t h  n i cke l  oxide 
and aluminum oxide and found the  marker a t  the  n icke l  oxide/spinel  
i n t e r f a c e  a f t e r  the  reac t ion .  They concluded t h a t  the  r eac t ion  mecha- 
nism was t r anspor to f  Ni '+  and 0'- through the  growing s p i n e l  layer .  
Platinum markers placed between z inc  oxide and alumina were 
Lindner 
These conclusions on the  r eac t ion  mechanisms of z inc aluminate 
and n icke l  aluminate were c r i t i c i z e d  by Schmalzried' 
experimental procedures used d i d  not exclude poss ib le  t ranspor t  o f  
oxygen through the  vapor phase. Since the  specimens used were porous, 
Schmalzried suggested t h a t  the  r eac t ion  mechanism was more l i k e l y  
s o l i d - s t a t e  t ranspor t  of Zn2+ and e l ec t rons  through the  spinel ,  and 
oxygen t ranspor t  thr0ug.h t h e  gas phase ( s e e  mechanism 
Later  work by P e t t i t  e t  a1.25 and by SockelZ6 supported Schmalzried's 
arguments. 
because the 
, i n  Fig. 2 ) .  
P e t t i t  e t  a1.25 performed a s e r i e s  of c r i t i c a l  experiments. In  
the  f irst ,  they placed platinum markers a t  the  i n i t i a l  aluminum oxide/ 
n icke l  oxide i n t e r f a c e  and found the  markers a t  the  n i cke l  oxide/ 
n i cke l  aluminate i n t e r f a c e  a f t e r  r eac t ion  i n  a i r  ( i n  agreement w i t h  
e a r l i e r  experiments).  
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They assumed t h a t  the  markers had moved during the  experiment. 
P e t t i t  e t  a1.25 then measured the  parabol ic  rate cons tan ts  f o r  n icke l  
aluminate formation i n  a i r  and i n  argon. They found the  r eac t ion  
r a t e s  to be i d e n t i c a l  i n  both gases  thus  supporting the  mechanism of 
inverse  ca t ion  d i f f u s i o n  (mechanism 5 i n  Fig.  2 ) .  
specimens, they a l s o  found a duplex sp ine l  s t r u c t u r e  cons i s t ing  of 
equiaxed c r y s t a l s  adjacent  t o  the  n i cke l  oxide, and columnar crystals 
adjacent  t o  the  aluminum oxide. These layers  were separated within 
the  s p i n e l  by a l i n e  of pores such tha t  the  thickness  r a t i o  of the  
equiaxed t o  columnar g ra ins  was approximately 1:3. The experiment 
was repeated w i t h  a s ing le  c rys ta l  of n icke l  oxide and a polycrys ta l  
of aluminum oxide and the  1:3 thickness  r a t i o  of s ing le  c r y s t a l  t o  
polycrys ta l  s p i n e l  was again observed ( f u r t h e r  proof tha t  t h e  Wagner 
method was ope ra t ive ) .  P e t t i t  e t  a1.25 therefore  concluded t h a t  t h e  
pores d iv id ing  the  duplex s p i n e l  microstructure  were 
which remained a t  the  i n i t i a l  i n t e r f a c e  during the  react ion,  and t h a t  
the  s p i n e l  formation mechanism was countercurrent  d i f fus ion  of N i 2 '  
and A13+. By comparing t h e o r e t i c a l l y  and experimentally determined 
parabol ic  r eac t ion  r a t e  constants ,  they f u r t h e r  concluded that  the  
d i f f u s i o n  of A i 3 +  through the  s p i n e l  l aye r  cont ro l led  the  r eac t ion  
r a t e .  
On e tch ing  the  
? #  na tu ra l  markers" 
The experiments of SockelZ6 were s i m i l a r  t o  those of P e t t i t  e t  a l .  
and provided f u r t h e r  proof of the  inverse  ca t ion  d i f fus ion  mechanism. 
Sockel reported t h a t  t he  reac t ions  of s ing le  c r y s t a l s  of aluminum oxide 
and po lyc rys t a l l i ne  n i cke l  oxide produced the same s t r u c t u r e  reported 
by P e t t i t  e t  a l .  However, when Sockel reacted s i n g l e  c r y s t a l l i n e  
n icke l  oxide and aluminum oxide, the  expected s i n g l e  c r y s t a l  sp ine l  
l aye r  was not found. 
The l aye r  again consis ted of 1/4 po lyc rys t a l l i ne  s p i n e l  adjacent  
t o  the  n icke l  oxide and 3/4 s i n g l e  c r y s t a l l i n e  s p i n e l  adjacent  t o  the 
aluminum oxide. T h i s  unexpected behavior w a s  explained on the  bas i s  
of vapor phase t ranspor t  of n icke l  oxide from the  s i n g l e  c r y s t a l  n i cke l  
32 
oxide t o  the  growing s p i n e l  layer ,  and countercurrent  d i f fus ion  of 
N i 2 +  and A i 3 +  through the  s p i n e l  i t s e l f .  
Carter" s tud ied  the  r eac t ion  of alumina and magnesia i n  hydrogen 
atmospheres. I n  these  s tud ies ,  molybdenum markers t h a t  were 
o r i g i n a l l y  a t  the  aluminum oxide sur face  were genera l ly  ( b u t  not 
always) found buried i n  the  s p i n e l  l aye r  a f t e r  reac t ion .  
not f u l l y  expla in  the  e r r a t i c  marker behavior, but h i s  conclusion 
t h a t  the  r eac t ion  mechanism was countercurrent  d i f fus ion  of Mg2+ and 
A13+ through the  s p i n e l  w a s  wel l  supported. 
f i c u l t  t o  pos tu l a t e  any o the r  mechanism operat ing i n  a closed hydrogen 
system a t  temperatures of 1800 t o  1 9 0 0 ~ ~ .  
Car te r  did 
Indeed, i t  would be d i f -  
The mechanisms of coba l t  aluminate formation have been s tudied by 
SchmalzriedZ1 and Sockel.26 I n  Schmalzried's experiments, po lycrys ta l s  
of cobal t  oxide and aluminum oxide were reacted i n  a i r  and i n  ni t rogen.  
Platinum markers which were i n i t i a l l y  a t  the  cobal t  oxide/aluminum 
oxide i n t e r f a c e  were found a t  the  
r eac t ions  i n  e i t h e r  gas. Furthermore, measured r eac t ion  r a t e  constants  
i n  the  two gases were not s i g n i f i c a n t l y  d i f f e r e n t .  In  view of these 
data ,  Schmalzried concluded t h a t  equ id i r ec t iona l  t r anspor t  of Co2+ and 
0'- through the  s p i n e l  l aye r  could be the  s p i n e l  growth mechanism. 
cobal t  oxide/spinel  i n t e r f a c e  a f t e r  
In  Sockels' t hes i s ,  the  r eac t ion  of po lyc rys t a l l i ne  cobal t /oxide 
with s ing le  c r y s t a l  aluminum oxide r e su l t ed  i n  the  formation of a 
duplex s p i n e l  layer ,  one f o u r t h  of which was polycrys ta l l ine ,  and th ree  
fou r ths  of which was s ing le  c r y s t a l l i n e .  This  experiment supported the  
Wagner mechanism of inverse ca t ion  d i f f u s i o n  of Co2+ and A i 3 +  through 
the  s p i n e l  l a y e r  and explained the  i n s e n s i t i v i t y  of the  r eac t ion  r a t e  
cons tan ts  t o  the  r eac t ion  gas observed by Schmalzried.'' On comparison 
of the  measured and t h e o r e t i c a l  r eac t ion  r a t e s  f o r  the cobal t  aluminate 
system, SchmalzriedZ9 l a t e r  concluded t h a t  the  mechanism of s p i n e l  for -  
mation i n  coba l t  aluminate is  inverse d i f f u s i o n  of Co2+ and A i 3 +  
- 
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through the  coba l t  aluminate l aye r  and t h a t  the  o v e r a l l  rate i s  con- 
t r o l l e d  by the  slowly d i f fus ing  A i 3 +  ions.  H e  assumed t h a t  h i s  i n i t i a l  
marker experiments were a f f ec t ed  by vapor phase t r anspor t  of the  cobal t  
oxide t o  the  r eac t ion  in t e r f ace .  By t h i s  mechanism, the  s p i n e l  l aye r  
could grow under the  marker and leave i t  a t  the  cobal t  oxide/spinel  
i n t e r f a c e  a f t e r  t he  reac t ion .  
These s tud ie s  have shown t h a t  inverse  ca t ion  d i f fus ion  i s  the  
mechanism of formation of nickel ,  coba l t ,  and magnesium aluminates. 
The mechanism of formation of z inc  aluminate is  open t o  quest ion i n  
view of the  confusing behavior of markers i n  these  systems. Further ,  
i t  appears t h a t  t he  d i f fus ion  of A i 3 +  i s  the  r a t e  con t ro l l i ng  s t e p  i n  
the  formation of n icke l  and coba l t  aluminates. 
2.  Chromites 
Chromite s p i n e l  formation s t u d i e s  a r e  summarized i n  Table 8. 
Hauffe and PscheraZ8 s tudied the  formation of n i cke l  chromite by using 
the  experimental  arrangement proposed by Wagner." 
n icke l  chromite were placed between n icke l  oxide and chromium oxide 
p e l l e t s  and reacted a t  l l O O ° C .  After  the  r eac t ion  the  p e l l e t s  were 
separated and weighed (presumably with no l o s s ) .  
observed t h a t  n i cke l  oxide p e l l e t s  adjacent t o  the  n icke l  chromite 
p e l l e t s  gained weight, while the  n i cke l  chromite p e l l e t s  l o s t  the same 
amount of weight. Nickel chromite p e l l e t s  adjacent  t o  the chromium 
oxide did not change weight, but the  chromium oxide p e l l e t s  l o s t  weight. 
They in t e rp re t ed  these weight l o s ses  to  mean t h a t  vaporizat ion of chro- 
m i u m  oxide from the  pure p e l l e t s  and from s p i n e l  occurred, and t h a t  
t h i s  vapor phase t ransported t o  the  n i cke l  oxide p e l l e t s  t o  form a new 
Two p e l l e t s  of 
Hauffe and Pschera 
s p i n e l  l aye r ,  They provided f u r t h e r  evidence of vapor phase t r anspor t  
from the  s p i n e l  t o  t h e  N i O  by separa t ing  the  two p e l l e t s  by a 0.25 mm 
platinum r i n g  before reac t ion .  The weight changes i n  t h i s  experiment 
were the  same as those i n  which no spacer w a s  p resent .  Therefore, the  
inf luence of vapor phase t r anspor t  of some "Cr203  gas" species  on the  
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t r a n s f e r  of chromium from the  s p i n e l  p e l l e t  t o  the  n icke l  oxide p e l l e t  
was demonstrated. Hauffe and Pschera concluded t h a t  vapor phase t rans-  
p o r t  of chromium was c h a r a c t e r i s t i c  of p e l l e t s  i n  good contac t  or i n  
poor contac t .  However, t h i s  conclusion should be viewed with caution, 
because the oxide p e l l e t s  used by these  authors  were probably very 
porous. They presented no dens i ty  measurements, but t h e i r  p e l l e t  
f a b r i c a t i o n  process ( c o l d  pressing and s i n t e r i n g  f o r  2 hours a t  l l O O ° C )  
would not produce high p e l l e t  d e n s i t i e s .  Therefore, vapor phase t rans-  
po r t  would be expected i n  experiments with or without a spacer.  
Although Hauffe and Pschera d id  show t h a t  vapor t r anspor t  could be 
important i n  the  movement of chromium ions from chromium oxide t o  the  
s p i n e l  surface,  they presented no da ta  on the  growth of t he  s p i n e l  
l aye r  i t s e l f ,  and simply assumed t h a t  the  Wagner mechanism con t ro l l ed  
i t s  growth. 
Lindner and A k e r ~ t r o m ’ , ~ ~ ~ ~ ~  measured the  d i f fus ion  c o e f f i c i e n t s  
of N i 2 +  and C r 3 +  i n  n icke l  chromite a s  wel l  as the  parabol ic  r eac t ion  
r a t e  cons tan t .  
e s s e n t i a l l y  the  same. In  addi t ion ,  the  t h e o r e t i c a l  d i f f u s i o n  coe f f i -  
c i e n t s  ( c a l c u l a t e d  from the  r eac t ion  r a t e  constant  on the  bas i s  of 
inverse ca t ion  d i f fus ion )  were wi th in  a f a c t o r  of 2 of the  measured 
d i f fus ion  c o e f f i c i e n t s .  On the  bas i s  of these  resu l t s ,  they concluded 
t h a t  the  Wagner mechanism cont ro l led  the  s p i n e l  growth r a t e .  Attempts 
t o  v e r i f y  t h i s  mechanism with platinum marker experiments were unsuc- 
c e s s f u l  because “the platinum markers were at tacked by the  oxides 
mainly chromium oxides.“’ 
marker phenomenon. 
p e l l e t s  used i n  these experiments were very porous. 
d i d  not repor t  the  d e n s i t i e s  of the  s i n g l e  oxide p e l l e t s  used f o r  
s p i n e l  growth measurements, but they did repor t  t h a t  the  n i cke l  chro- 
mite p e l l e t s  used i n  t h e i r  d i f f u s i o n  s tud ie s  were about 55% of theo- 
r e t i c a l  dens i ty .  Consequently, the  p robab i l i t y  t h a t  vapor phase 
They found t h a t  the  d i f f u s i v i t i e s  of N i 2 +  and Cr3+ were 
N o  f u r t h e r  explanat ions were made of the  
A s  with the  specimens of Hauffe and Pschera,28 the  
Lindner e t  al.’ 
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t r anspor t  influenced the  d i f f u s i o n  measurements ( p a r t i c u l a r l y  f o r  
Cr3+)  is  high. The same can be said f o r  the  C r 3 +  d i f f u s i o n  d a t a  of 
Morkel and Schmalzried,lo i n  which the n icke l  chromite p e l l e t s  were 
less than 70% of t h e o r e t i c a l  densi ty .  
Schmalzried2' disagreed w i t h  the  conclusions of Lindner e t  a1.9 
t h a t  they had confirmed the  con t ro l l i ng  r o l e  of t he  Wagner mechanism 
i n  n icke l  chromite formation. H e  argued t h a t  the  po ros i ty  of t he  
s t a r t i n g  oxides would allow t r anspor t  of oxygen through the  vapor 
phase, and t r anspor t  of N i 2 +  or Cr3+ and e l ec t rons  through the  s p i n e l  
layer .  T h i s  mechanism would r e s u l t  i n  the  same t h e o r e t i c a l  parabol ic  
r a t e  constant  a s  ca l cu la t ed  by Lindner e t  al., ' because the  d i f fus ion  
c o e f f i c i e n t s  of Ni2 '  and Cr3' a r e  the  same order  of magnitude. 
Schmalzried concluded t h a t  f u r t h e r  marker s t u d i e s  were necessary w i t h  
the  n i cke l  chromite system. He attempted marker experiments w i t h  
n icke l  chromite, but reported t h a t  the  platinum w i r e s  d issolved during 
the  high temperature reac t ion .  21 
Socke126 attempted t o  use the  "na tura l  marker" technique which 
had been successfu l  i n  confirming the  r eac t ion  mechanism i n  alumin- 
a t e s .25926  
chromium oxide. X-ray d i f f r a c t i o n  and o p t i c a l  s tud ie s  of t h e  n icke l  
chromite r eac t ion  l aye r  revealed t h a t  i t  was pore f r e e  and s ing le  
c r y s t a l l i n e .  He f u r t h e r  reported t h a t  the  s p i n e l  l aye r  was bonded t o  
the  n i cke l  oxide. These r e s u l t s  were i n s u f f i c i e n t  t o  prove any mecha- 
nism. 
He reac ted  s i n g l e  c r y s t a l s  of N i O  and polycrys ta l s  of 
Sockel a l s o  measured the  parabol ic  r a t e  constant  f o r  n icke l  chro- 
mite growth, and compared it  w i t h  a t h e o r e t i c a l  value based on the  
Wagner mechanism. The two values were iden t i ca l ,  and he concluded 
that  the  n i cke l  chromite formation w a s  cont ro l led  by inverse d i f fus ion  
of N i 2 +  and Cr3'. 
the  s p i n e l  l aye r  was given. 
N o  explanat ion of the  s ing le  c r y s t a l  s t r u c t u r e  of 
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Schmalzried attempted t o  determine the  mechanism of cobal t  chro- 
mite s p i n e l  formation by r eac t ing  p e l l e t s  of coba l t  oxide and chromium 
oxide ( w i t h  platinum markers a t  the  r eac t ion  i n t e r f a c e s )  i n  a i r  and i n  
oxygen-free ni t rogen.  After  t he  r eac t ions  i n  a i r ,  the  platinum markers 
were found a t  the  coba l t  oxide/cobalt  chromite i n t e r f a c e  ( t h u s  indi-  
ca t ing  t r anspor t  of Co2+ and e l ec t rons  through the  spinel ,  and oxygen 
through the gas phase) .  
t he  n i t rogen  experiments, and were presumed t o  have dissolved.  The 
experimental  reac t ion- ra te  constant  f o r  r eac t ions  i n  a i r  compared 
reasonably wel l  with the  t h e o r e t i c a l  values (assuming the  r a t e  was con- 
t r o l l e d  by Co2+ d i f fus ion  through the  s p i n e l  l a y e r ) .  The experimental 
r a t e  constant  f o r  s p i n e l  grown i n  ni t rogen was 1/2 t o  1/3 the  constant  
measured f o r  the  a i r  experiments, and about twice the  t h e o r e t i c a l  
value f o r  inverse ca t ion  d i f fus ion  of Co2+ and Cr3+.  
Schmalzried concluded t h a t  the  growth of cobal t  chromite i n  a i r  i s  
cont ro l led  by Co2+ and e l e c t r o n  (or e lec t ron  hole)  d i f f u s i o n  through 
the  s p i n e l  layer  and oxygen t r anspor t  through the  gas phase. Support 
f o r  t he  e l e c t r o n i c  cont r ibu t ion  t o  t h i s  r e a c t i o n  mechanism was obtained 
by independent conduct ivi ty  measurements.29 
than 1000°C, cobal t  chromite was shown t o  be a p-type conductor a t  high 
oxygen p a r t i a l  p ressures  (>lo-*)  and an n-type conductor a t  low oxygen 
p a r t i a l  p ressures  (< lo-*) .  Schmalzried a l s o  concluded t h a t  the  reac- 
t i o n  mechanism f o r  cobal t  chromite growth i n  an oxygen-free atmosphere 
would be countercurrent  d i f fus ion  of Co2+ and C r 3 + .  
The platinum markers could not be found a f t e r  
On t h i s  bas i s  
A t  temperatures g rea t e r  
SockelZ6 reacted s ing le  c r y s t a l s  of COO with polycrys ta l s  of 
C r 2 0 3  i n  an attempt t o  def ine  the  r eac t ion  mechanism. The s p i n e l  
l aye r  (grown i n  a i r )  was found t o  be a textured po lyc rys t a l  bonded 
t o  the  cobal t  oxide s ing le  c r y s t a l .  Sockel reported t h a t  t he  
s ing le  c r y s t a l  COO and the  po lyc rys t a l l i ne  s p i n e l  layer  had a porous 
s t r u c t u r e .  He therefore  concluded t h a t  the  r eac t ion  mechanism con- 
s i s t e d  of countercurrent  d i f f u s i o n  of Co2+ ions and e l ec t ron  holes 
through the  s p i n e l  with concurrent vapor t r anspor t  of oxygen 
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( through pores i n  the  s i n g l e  c r y s t a l  and sp ine l )  t o  the  CoO/Cr,O, i n t e r -  
face .  He reported t h a t  the  t h e o r e t i c a l  and experimental r a t e  cons tan ts  
f o r  t h i s  mechanism agreed within a f a c t o r  of 2, and c i t e d  Schmalz- 
r i ed ' s '  marker s tud ie s  a s  confirmation of the  mechanism. 
Zinc chromite and magnesium chromite formation has been s tudied by 
Lindner and Akerstrom' and Sockel,26 respec t ive ly .  
compared the  a c t i v a t i o n  energy f o r  d i f fus ion  of Zn'+ and C r 3 +  with the  
a c t i v a t i o n  energy f o r  s p i n e l  formation. Since these two values were 
iden t i ca l ,  they concluded t h a t  the  r eac t ion  mechanism was countercur- 
r en t  ca t ion  d i f fus ion .  Sockel reacted s ing le  c r y s t a l  MgO with poly- 
c r y s t a l l i n e  chromium oxide. A dense s ing le  c r y s t a l  sp ine l  l aye r  was 
formed which was bonded t o  the  magnesium oxide but not the  chromium 
oxide. The s ing le -c rys t a l  s p i n e l  s t r u c t u r e  was explained on the  bas i s  
of vapor phase t r anspor t  of chromium oxide t o  t h e  sur face  of the  
magnesium oxide, and e p i t a x i a l  s i n g l e  c r y s t a l  growth of magnesium 
chromite. The e p i t a x i a l  growth of t he  s p i n e l  c r y s t a l  continued by 
inverse ca t ion  d i f fus ion .  
Lindner e ta l . '  
. 
I n  summary, i t  i s  apparent t h a t  inverse  ca t ion  d i f fus ion  i s  
favored by most au thors  a s  the  mechanism by which chromite s p i n e l s  
form. Qu i t e  of ten,  however, c o n f l i c t i n g  experimental  r e s u l t s  a r e  
r a t iona l i zed  away. For example, t he  s i n g l e  c rys t a l /po lyc rys t a l  reac- 
t i o n s  t h a t  convincingly support the  Wagner mechanism i n  n icke l  alumi- 
nate  and cobal t  aluminate f o r m a t i o n , 2 5 ~ 2 6  do not support  t h i s  mechanism 
i n  n i cke l  chromite, coba l t  chromite, and magnesium chromite formation. 
The cobal t  chromite s p i n e l  i s  t o t a l l y  po lyc rys t a l l i ne ,  whereas the  
n icke l  and magnesium chromites a re  s ing le  c r y s t a l s .  I f  the Wagner 
mechanism ( or the  experimental adequacy of s i n g l e  c rys t a l /po lyc rys t a l  
i n t e r f ace  markers) appl ies ,  s p e c i a l  arguments a re  needed t o  expla in  
the  e p i t a x i a l  growth of n icke l  and magnesium chromites. I n  cobal t  
chromite formation, the  po lyc rys t a l l i ne  s t r u c t u r e  of the  s p i n e l  could 
be explained by vapor phase t r anspor t  of chromium oxide t o  the  cobal t  
oxide s i n g l e  c r y s t a l  i n t e r f a c e  to  form a po lyc rys t a l l i ne  cobal t  
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chromite, and countercurrent  d i f f u s i o n  of Go2+ and Cr3+ t h e r e a f t e r .  
However, Schmalzried concludes t h a t  the  s t r u c t u r e  r e s u l t s  from counter- 
cu r ren t  d i f fus ion  of Co2" and e l ec t ron  holes w i t h  simultaneous oxygen 
t r anspor t  through the  gas phase. The probable explanat ion of many of 
these incons is tenc ies  l i e s  i n  the  nuc lea t ion  process of the  sp ine l  
phase." I f  nucleat ion processes  a r e  important, i t  seems c l e a r  t h a t  
the  use of s i n g l e  c rys t a l /po lyc rys t a l  i n t e r f a c e  markers w i l l  provide 
conclusive evidence of a given r eac t ion  mechanism only i n  very spec ia l  
circumstances. In  t h e  chromite systems, therefore ,  there  is  c e r t a i n l y  
room for f u r t h e r  s tudy  w i t h  o the r  experimental techniques. One 
f ea tu re  t h a t  is  d e f i n i t e l y  needed is  the  use of high dens i ty  s t a r t i n g  
mater ia l s .  Such ma te r i a l s  w i l l  minimize vapor t ranspor t  pheonomena 
and may provide new information on the  r eac t ion  mechanisms i n  these 
systems. 
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I I I EXPERIMENTAL PROCEDURES 
Because of the  poss ib le  complications a r i s i n g  from vapor phase 
t r anspor t  i n  porous oxides, it was decided t h a t  one of the  major e f f o r t s  
of t h i s  work would be t o  u t i l i z e  oxides of high dens i ty .  In  addi t ion,  
s ince  the  inf luence of impurity addi t ions  was t o  be evaluated, i t  was 
necessary t o  u t i l i z e  oxides of the  highest  p u r i t y  i n  order  t o  ob ta in  
reference da ta  f o r  comparison. 
A. Oxide Prepara t ion  
Techniques f o r  the  prepara t ion  of high-purity oxides genera l ly  con- 
s is t  of p u r i f i c a t i o n  and thermal decomposition of n i t r a t e s ,  s u l f a t e s ,  
carbonates, hydroxides, or oxa la t e s  of the  des i red  o ~ i d e s . ~ ' - ~ ~  Of the  
various methods reported,  only the  oxa la te  decomposition method of 
Brown33~34 had been reported t o  y i e ld  calcium and magnesium oxides of 
high p u r i t y  (99.999%) which would a l s o  s i n t e r  to  high dens i ty  a f t e r  
simple cold-pressing and s i n t e r i n g .  Similar  procedures were therefore  
u s e d t o p r e p a r e  the  high-purity and manganese-doped oxides used i n  t h i s  
study. Only regeant grade chemicals, whose p u r i t y  l e v e l s  a r e  shown i n  
Table 9, were used t o  prepare the  oxides.  Approximately 2 gm mol w t  of 
e i t h e r  n icke l  or cobal t -ni t ra te-hexahydrate  were dissolved i n  2.5 l i t e r s  
of bo i l i ng  d i s t i l l e d  water. A bo i l i ng  so lu t ion  of 3 gm mol w t  of oxa l i c  
ac id  i n  2 l i t e r s  of d i s t i l l e d  water was a l s o  prepared. The so lu t ions  
were p u r i f i e d  by p re -p rec ip i t a t ion  of the  s t a r t i n g  so lu t ions  followed by 
f i l t r a t i o n .  The oxa l i c  acid was pu r i f i ed  by adding 50 m l  of the  n i t r a t e  
so lu t ion  t o  the  bo i l ing  oxa l i c  acid t o  p r e c i p i t a t e  inso luble  impurity 
oxa la t e s  along with the n icke l  or cobal t  oxa la tes .  The p r e c i p i t a t e  was 
allowed t o  s e t t l e ,  and the  s o h t i o n  was f i l t e r e d  through a Whatman 
N o .  54 f i l t e r  paper. The n i t r a t e  so lu t ions  were pu r i f i ed  i n  a s imi l a r  
manner by adding 50 m l  of the  pu r i f i ed  oxa l i c  ac id  so lu t ion  t o  the  
bo i l ing  n i t r a t e s  and f i l t e r i n g .  The f i n a l  oxa la tes  were prepared by 
mixing the  hot p u r i f i e d  n i t r a t e  and o x a l i c  ac id  so lu t ions ,  f i l t e r i n g ,  
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mul t ip l e  washing with bo i l ing  d i s t i l l e d  water, and drying. Nickel manga- 
nese and coba l t  manganese oxa la t e s  were prepared by adding manganese 
n i t r a t e  t o  the  p u r i f i e d  n i cke l  or cobal t  n i t r a t e  so lu t ions  and precipi-  
t a t i n g  with p u r i f i e d  oxa l i c  acid.  Oxides were then prepared by r eac t ing  
15 gm batches of the  pure or manganese-doped oxa la t e s  f o r  30 min a t  45OoC 
i n  a flowing stream (50  ml/min) of oxygen. 
Doping of t h e  n i cke l  and coba l t  oxides with s i l i c o n  oxide could not 
be done by the  same method as the  manganese oxide doping, because s i l i c o n  
n i t r a t e s  are not ava i l ab le .  Since i t  was necessary t o  have a uniform 
d i s t r i b u t i o n  of s i l i c o n  i n  the  oxides, a p r e c i p i t a t i o n  technique was 
des i r ab le .  Blending of oxides of n i cke l  or coba l t  with s i l i c o n  oxide 
was undesirable because of t he  low (1  mole $ SiO,) doping l e v e l s  required 
and because of t he  p o s s i b i l i t y  of contamination. The method f i n a l l y  
se l ec t ed  was a compromise between the  p r e c i p i t a t i o n  and the  powder blending 
techniques. S l u r r i e s  of high-purity n i cke l  or coba l t  oxides (prepared by 
oxalate  decomposition) were prepared using a 30% so lu t ion  of reagent 
grade ammonium hydroxide. The oxides were kept i n  suspension by continu- 
ous s t i r r i n g ,  and a 50% excess of the  required amount of high-purity 
t e t r a e t h y l  o r t h o s i l i c a t e  was added. Since the  r eac t ion  of the  o r t h o s i l i -  
c a t e  with ammonia t o  form an insoluble  ammonium s i l i c a t e  i s  very slow,* 
t h e  r eac t ion  w a s  allowed t o  proceed f o r  24 hours with continuous s t i r r i n g .  
The s l u r r i e s  were then f i l t e r e d  through a Whatman N o .  54 f i l t e r  paper, 
washed with d i s t i l l e d  water, and dr ied.  I n  preliminary experiments i t  
was observed t h a t  t h e  f i l t r a t e  contained some insoluble  s i l i c a t e  i n  sus- 
pension. This observation indicated t h a t  t he  p r e c i p i t a t e  formed w a s  
very f ine ,  and w a s  l i k e l y  t o  be uniformly d i s t r i b u t e d  i n  the  oxide. The 
* I n  preliminary experiments with pure ammonium hydroxide and t e t r a e t h y l  
o r t h o s i l i c a t e ,  no r eac t ion  product could be seen i n  s o l u t i o n  for 2 
hours a f t e r  the  i n i t i a l  mixing; 16 hours a f t e r  mixing a white precipi-  
t a t e  w a s  c l e a r l y  v i s i b l e .  
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50% excess o r t h o s i l i c a t e  addi t ion  mentioned above was used t o  compensate 
f o r  the  s i l i c a t e  l o s ses  i n  the  f i l t r a t e .  
A l l  chromium oxide used i n  these  s t u d i e s  cons is ted  of commercially 
ava i l ab le  reagent grade Cr'O,. 
chromium oxides.  Prel iminary at tempts  t o  prepare chromium oxide by the  
p r e c i p i t a t i o n  of chromium hydroxide from pur i f i ed  chromium n i t r a t e  solu- 
t i o n  were successfu l .  However, chemical analyses  revealed l i t t l e ,  i f  
any, d i f fe rence  between the p u r i t y  of the  commercial powder and the  
powder prepared i n  the  laboratory.  Therefore, the  commercial chromium 
oxide w a s  used, s ince  i t  was ava i l ab le  i n  la rge  q u a n t i t i e s .  
N o  doping experiments w e r e  made on the  
B. P e l l e t  Prepara t ion  
P e l l e t s  of high-purity,  manganese-doped, and silicon-doped n i cke l  
and cobal t  oxides  (1  in .  diameter) were prepared by cold pressing (us ing  
d i s t i l l e d  water a s  a binder) a t  20,000 lb/in.', drying a t  8OoC, and 
f i r i n g  i n  a i r  a t  150OoC f o r  250 t o  350 hours. Contamination was mini- 
mized by f i r i n g  each s e t  of p e l l e t s  i n  separa te  alumina furnace tubes, 
and by placing each p e l l e t  on a 0.125 mm th i ck  platinum f o i l .  After  
i n i t i a l  f i r i n g ,  groups of p e l l e t s  of each type were equ i l ib ra t ed  with 
a i r  a t  1200, 1300, and 140OoC i n  order  t o  provide s t a r t i n g  oxides f o r  
experiments t o  be made a t  such temperatures. The same precaut ions of 
f i r i n g  i n  separa te  furnace tubes and use of platinum f o i l  between the  
oxides and the  alumina support  p l a t e s  were used i n  the  e q u i l i b r a t i o n  
procedures t o  minimize contamination. 
Early experiments revealed t h a t  simple cold press ing  and s i n t e r i n g  
procedures were not s u i t a b l e  f o r  t he  prepara t ion  of high dens i ty  chromium 
oxide p e l l e t s .  For example, a f t e r  s i n t e r i n g  procedures s i m i l a r  to those 
used fo r  the  n i cke l  and cobal t  oxides, the  chromium oxide p e l l e t s  were 
very f r a g i l e  and r e a d i l y  absorbed water. Consequently a hot press ing  
procedure was used. P e l l e t s  of chromium oxide ( 2  in .  diameter) were 
prepared by hot-pressing f o r  one hour a t  145OOC. 
with induction-heated graphi te  d i e s  a t  a pressure of 4000 lb / in .  '. 
Hot press ing  w a s  done 
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After  pressing,  the  p e l l e t s  were removed and f i r e d  f o r  250 t o  350 hours 
a t  150OOC. Groups of chromium oxide p e l l e t s  were then equ i l ib ra t ed  with 
a i r  by f i r i n g  f o r  100 hours a t  1200, 1300, and 14OO0C. The same precau- 
t i o n s  were taken t o  prevent the  contamination of the  chromium oxides  as 
with the  n i cke l  and cobal t  oxides.  In  addi t ion  t o  the  s tud ie s  using the  
po lyc rys t a l l i ne  oxides described, a l imi ted  number of experiments were 
made with s i n g l e  c r y s t a l s  of n i cke l  oxide, cobal t  oxide, and chromium 
oxide. These c r y s t a l s  (grown by the  Verneuil  process using arc-image 
furnaces)  were obtained from sources l i s t e d  i n  Table 10. 
C. Spinel  Reactions 
The following procedures were c lose ly  followed f o r  m o s t  s p i n e l  
formation experiments. Those experiments i n  which the  procedure varied 
w i l l  be described separa te ly .  P e l l e t s  f o r  r eac t ion  a t  a given tempera- 
t u r e  were se l ec t ed  from groups t h a t  had previously been equ i l ib ra t ed  a t  
or near the  desired temperature. P e l l e t s  were se l ec t ed  on the  bas i s  of 
dens i ty  and freedom from obvious flaws, such a s  cracks.  P e l l e t s  were 
then ground f l a t  on a c a s t  i ron  metallographic wheel using progressively 
f i n e r  diamond pas te  ranging from 30 t o  1 p.  A f i n a l  l i g h t  po l i sh ing  on 
a satin-covered wheel with 1 p diamond pas te  completed the  sur face  pre- 
para t ion .  P e l l e t s  were then halved or quartered, a s  desired,  to  obta in  
seve ra l  specimens. 
Three types of markers were used i n  these  s tud ie s :  ( a )  t h i c k  
platinum f o i l s  ( 6  p by 1 mm by 1 cm), ( b )  t h i n  platinum f o i l s  (1 .5  p by 
1 mmby 1 cm), and ( c )  i r idium powder approximately 0.1 t o  1 p diameter. 
Before reac t ions ,  the  markers were c a r e f u l l y  placed between the  p e l l e t s ,  
and t h e i r  loca t ions  were ind ica ted  by notches on t h e  p e l l e t s .  This 
precaut ion was necessary, because the  markers t h a t  extended beyond the  
p e l l e t  i n t e r f a c e s  and t h a t  were exposed t o  the  a i r  were gene ra l ly  gone 
a f t e r  the  s p i n e l  r eac t ion  procedures. Consequently, without the  notches 
it would have been d i f f i c u l t  t o  mount the  specimens properly t o  f ind  
the  markers. 
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The assembled specimens with markers were then placed i n  s i l i c o n  
carbide heated muff l e  furnaces  capable o f  temperatures t o  155OOC. 
Platinum f o i l s  0.125 mm t h i c k  were placed between the  specimens and the  
alumina support  p l a t e s  i n  order  t o  minimize contamination and s t i c k i n g .  
Alumina blocks were then placed on top  of each specimen t o  produce a com- 
press ive  stress of approximately 1 kg/cm2. 
heated t o  the  des i red  r eac t ion  temperature. In  genera l  the  time required 
t o  reach the  r eac t ion  temperature was l e s s  than 10 hours. Of t h i s  time, 
approximately 5-7 hours were required t o  reach the  temperature of l l O O ° C .  
Since a l l  experiments reported here were done a t  temperatures of 1200 t o  
155OoC f o r  times ranging from 24 hours ( a t  the  highest  temperatures) t o  
640 hours ( a t  t he  lowest temperatures),  t h i s  procedure w a s  f e l t  t o  be 
adequate and the  heat-up time t o  be negl ig ib le .  A l l  experiments were 
done i n  a i r ,  and temperatures were measured with two P t  f Pt-lO%Rh thermo- 
couples obtained from separa te  sources.  Temperatures measured with both 
thermocouples were always wi th in  f5'C of each o ther ,  and the  temperatures 
remained wi th in  f l O ° C  of the  reported value during each experiment. 
The furnaces  were then r ap id ly  
After the  desired r eac t ion  time, the  doors of the  muffle furnace 
were opened and the specimens were moved t o  a cooler  p a r t  of the  furnace.  
The specimens were removed from the  furnace a f t e r  they had cooled t o  l e s s  
than a red hea t .  The e n t i r e  cool ing process genera l ly  took about 1 hour. 
More rap id  cool ing r e su l t ed  i n  f r a c t u r e  of the  specimens by thermal shock. 
Some specimens were furnace cooled by simply shu t t ing  off  the furnace 
power. I n  these  operat ions,  cooling t o  room temperature required times 
of approximately 48 hours. 
however, genera l ly  took about 6 hours. 
Furnace cool ing t o  temperatures of 100°C, 
In  some of the  short-time, high-temperature experiments, specimens 
were c u t  from p e l l e t s  t h a t  had previously been macted .  These specimens 
therefore  contained an i n i t i a l  t h i n  s p i n e l  layer .  Consequently, s l i g h t l y  
d i f f e r e n t  procedures were necessary t o  evaluate  rate cons tan ts  from the  
measured s p i n e l  thicknesses  a f t e r  t h e  f i n a l  f i r i n g .  N o  previously bonded 
specimen w a s  used f o r  subsequent s p i n e l  r eac t ions  unless  i t  was f r e e  from 
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cracks or flaws, had been f i r e d  a t  a temperature a t  least  2OO0C lower 
than the  planned f i r i n g  temperature, and contained a s p i n e l  l aye r  t h a t  
would be 2 t o  3 times thinner  than the  estimated thickness  produced by 
the  high temperature react ion.  The t i m e  required t o  form the  t h i c k  
high-temperature s p i n e l  l aye r  w a s  estimated from previous k i n e t i c  
da t a .  ' J  
D .  Metallographic Examination 
After removal from the furnaces,  the  specimens were c a r e f u l l y  
mounted i n  e i t h e r  a cold-set t ing epoxy or a thermo-setting bake l i t e .  
Special  grinding and pol ishing procedures were necessary i n  order  t o  
prepare a s a t i s f a c t o r y  surface.  Because of the  high hardness of t h e  
dense chromium oxide and the  low hardness of the  n i cke l  and cobal t  
oxides, a l l  grinding was done with 30 ~1 diamond on a c a s t  i r o n  grinding 
lap.  Grinding with coarser  s i l icon-carbide abrasives  seve re ly  damaged 
the  s o f t e r  oxides. F ina l  pol ishing was done with 6, 3, and 1 p diamond 
compounds on a satin-covered brass  wheel. The bes t  specimen f i n i s h e s  
were obtained by f i n a l  pol ishing f o r  7 t o  10 days on an automatic 
v ib ra to ry  p o l i s h e r  with 1 p diamond pas te .  Because of t he  l a rge  d i f -  
ferences i n  hardness between the  s t a r t i n g  oxides, t h i s  procedure pro- 
duced a c e r t a i n  amount of r e l i e f  polishing, but t he  r e l i e f  pol ishing 
d id  not prove t o  be a s i g n i f i c a n t  problem. The s p i n e l  thicknesses 
were measured with e i t h e r  a Unitron measuring microscope or a Le i t z  
metallograph and f i l a r  eyepiece. The Unitron microscope (capable  of 
readings t o  2.5 x lo-* c m )  w a s  used f o r  measurements on t h i c k  s p i n e l  
layers ,  while the  Le i t z  metallograph with o i l  immersion l ens  and f i l a r  
eyepiece (capable of readings t o  7 x e m )  w a s  used f o r  the  t h i n  
s p i n e l  layers .  Both microscopes were c a l i b r a t e d  with a Le i t z  standard. 
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E. X-ray and Electron Microprobe 
The phases i n  the  oxides prepared by the  techniques described 
above were i d e n t i f i e d  by standard X-ray d i f f r a c t i o n  techniques. 
E lec t ron  microprobe s t u d i e s  were made t o  determine the d i s t r i b u -  
t i o n  of elements i n  the  s t a r t i n g  oxides and i n  the  sp ine l s  grown from 
these  oxides. Two d i f f e r e n t  instruments were used. One instrument, 
whose design and cons t ruc t ion  has previously been described,35 w a s  
used f o r  the  point  counting da ta  reported.  A Mater ia l s  Analysis 
Model 400s microprobe w a s  used f o r  scanning, e l e c t r o n  backsca t te r  
photographs, and X-ray image photographs. A l l  microprobe da ta  were 
taken using beam diameters ranging from 1 t o  10 p and acce le ra t ing  
vol tages  of 20 to  25 kv. In t e rna l  standard (from the  unreacted nickel ,  
coba l t ,  and chromium oxides  and from the  n icke l  and cobal t  chromites 
formed by reac t ion)  were used t o  convert the  i n t e n s i t y  da ta  t o  compo- 
s i t i o n  da ta .  N o  o the r  cor rec t ions  were made. 
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I V  RESULTS 
A. Compositions, Densit ies,  and S t ruc tu res  of S t a r t i n g  Oxides 
The compositions and d e n s i t i e s  of t he  oxides used are shown i n  
Table 10. The oxides prepared by oxa la t e  p r e c i p i t a t i o n  and decompo- 
s i t i o n  were of somewhat higher p u r i t y  than commercial reagent grade 
oxides.  Oxides prepared by the  oxa la t e  procedure were approximately 
99.98% pure ( i n  c o n t r a s t  t o  t he  99.999$ p u r i t y  reported by B r o ~ n ~ ~ y ~ ~  
f o r  calcium and magnesium oxides prepared by a s imilar  method), while 
oxides obtained from commercial sources were approximately 99,9$ pure. 
The major impuri t ies  (which were not d e l i b e r a t e l y  added) i n  the  n i cke l  
and coba l t  oxides were cobal t  and nickel,  respect ively.  The r e s u l t a n t  
manganese oxide dopant concentrations i n  both the  n i cke l  and coba l t  
oxides were very c l o s e  t o  t h e  des i r ed  1 mole '$ values.  
s i l i c o n  oxide concentrations,  however, were approximately 50% higher 
than the  desired 1 mole $. 
the add i t ion  of t he  50% excess t e t r a e t h y l  o r t h o s i l i c a t e  i n  the  s i l i c a t e  
p r e c i p i t a t i o n  procedure. Apparently the  amount of s i l i c a t e  l o s t  i n  
the  f i l t r a t i o n  s t e p  was i n s i g n i f i c a n t  and need not have been compen- 
sa ted .  
The r e s u l t a n t  
This higher concentrat ion r e su l t ed  from 
The dens i t i e s*  of a l l  the  n i cke l  oxides prepared by cold pressing 
These values and f i r i n g  ranged from 92 t o  97% of t h e o r e t i c a l  densi ty .  
were based on a t h e o r e t i c a l  dens i ty  of 6.808 f o r  n i cke l  oxide. 
t he  measured dens i ty  of flaw-free s i n g l e  c r y s t a l  n i cke l  oxide w a s  found 
t o  be only 98% of t h i s  t h e o r e t i c a l  value. 
l i s t e d  i n  Table 10 f o r  t he  n i cke l  oxides can be considered minimum 
values, s ince  the  use of the  measured s i n g l e  c r y s t a l  dens i ty  of 6.67 
would increase the  r e l a t i v e  d e n s i t i e s  of a l l  p e l l e t s  by 1 t o  2 %. 
However, 
Consequently the  d e n s i t i e s  
* A l l  d e n s i t i e s  were measured by pycnometric techniques; d i s t i l l e d  
water w a s  used as t h e  immersion medium. 
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Similar  comments cannot be made f o r  the  coba l t  oxides, which have 
only 91-92% of the  t h e o r e t i c a l  dens i ty  of COO ( p  = 6.49 gm/cm3). 
f law-free s i n g l e  c r y s t a l  of COO w a s  99.8% dense. 
c i p i t a t i o n  of Co30, ( p  = 6.08 gm/cm3) from t h e  monoxide during cool ing 
was f a r  g r e a t e r  i n  the  pressed and s in t e red  po lyc rys t a l s  than i n  the  
s ing le  c r y s t a l s .  Consequently the  r e l a t i v e  d e n s i t i e s  given i n  Table 10 
f o r  t he  cobal t  oxides a re  conservat ive and represent  minimum values.  
A 
The amount of pre- 
The d e n s i t i e s  obtained with hot pressed chromium oxide were always 
wi th in  98% of t h e o r e t i c a l  dens i ty .  
ou ts ide  sur faces  of these p e l l e t s  were higher than the  o v e r a l l  dens i ty .  
I n  general ,  a l l  s p i n e l  r eac t ions  were made with chromium oxides 
approaching 100% of t h e o r e t i c a l  dens i ty .  This statement i s  supported 
by the  microstructure  of the  hot pressed and equ i l ib ra t ed  Cr,O, shown 
i n  Figure 3. I t  should be emphasized here t h a t  the  dense equiaxed 
s t r u c t u r e  of t h i s  (and o the r )  oxides  i s  evident  only a f t e r  prolonged 
and c a r e f u l  po l i sh ing .  Rapid pol i sh ing  w i l l  c r ea t e  a s  much sur face  
damage a s  it removes, thus obscuring the  t r u e  s t r u c t u r e  of the  oxides.  
I n  addi t ion,  the  d e n s i t i e s  of the  
The s t r u c t u r e s  of t he  pure and the  manganese-doped n icke l  oxides 
cannot be seen i n  the  polished specimens, s ince  the  mater ia l s  a r e  
o p t i c a l l y  i so t rop ic .  Consequently, i t  was necessary t o  e t c h  the  n icke l  
oxide with bo i l ing  n i t r i c  acid t o  revea l  t he  g r a i n  s t r u c t u r e  shown i n  
Fig.  4a. Unfortunately, t h i s  procedure produces e t ch -p i t t i ng  and 
f ace t ing  of the  ind iv idua l  gra ins .  A second method of reveal ing the  
s t r u c t u r e  of t he  n i cke l  oxide c o n s i s t s  of d i f fus ing  chromium i n t o  the  
n icke l  oxide a t  high temperatures ( 130O-155O0C), then furnace cool ing 
and pol ishing.  This process p r e c i p i t a t e s  n i cke l  chromite s p i n e l  i n  a 
Widmanstatten p a t t e r n  i n  each g r a i n  of the  n icke l  oxide. The ind iv idua l  
n icke l  oxide g ra ins  shown i n  Figure 4b a re  thus revealed by the  d i f -  
fe rences  i n  o r i e n t a t i o n  of t he  s p i n e l  p r e c i p i t a t e s .  A confirmation of 
these  s ta tements  w i l l  be presented i n  a l a t e r  s ec t ion  of t h i s  d i s se r -  
t a t i o n .  I t  is evident  by both techniques t h a t  t h e  n icke l  oxide i s  
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FIGURE 3 STRUCTURE OF HOT-PRESSED AND HEAT-TREATED CHROMIUM OXIDE 
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FIGURE 4 STRUCTURE OF NICKEL OXIDE: 
pitted and faceted structure results from etching in boiling nitric acid. (b) Doped 
with chromium oxide during spinel formation; the precipitates are nickel chromite, 
and emphasize the dense structure. 
(a) Cold-pressed and sintered high purity NiO; 
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reasonably dense. The s t r u c t u r e  of the  n icke l  oxide doped w i t h  
1.5 mole s i l i c o n  oxide i s  shown i n  Fig. 5. The e l ec t ron  backsca t te r  
micrograph shows t h a t  the  s i l i c a  addi t ions  produce p r e c i p i t a t i o n  of a 
second phase i n  the  n icke l  oxide. X-ray d i f f r a c t i o n  measurements of 
the  pol ished p e l l e t s  confirmed t h a t  the  second phase i s  n i cke l  s i l i c a t e  
(Ni ,Si04) .  
(F ig .  5b) showed t h a t  m o s t  i f  not a l l  of t he  s i l i c o n  is concentrated 
i n  the  s i l i c a t e  phase. 
E lec t ron  microprobe measurements using S i  Q X-ray images 
The microstructure  of the  pure or the  manganese-doped cobal t  
oxide was revealed i n  t h e  as-polished condi t ion  by the  p r e c i p i t a t i o n  
of t he  cobal t  sp ine l ,  C0,04 (F ig .  6 a ) .  P r e c i p i t a t i o n  of the  s p i n e l  
occurs along high angle g ra in  boundaries, sub-grain boundaries, and 
sometimes within t h e  g ra ins  a s  Widmanstatten p l a t e l e t s .  There w a s  no 
observed p r e c i p i t a t i o n  of manganese i n  the  doped coba l t  oxides, and 
none was expected i n  view of the  mutual s o l u b i l i t i e s  of manganese and 
cobal t  oxides.  The microstructure  of the  si l ica-doped cobal t  oxide 
( F i g .  6b) cons is ted  of la rge  gra ins  of dense COO containing prec ip i -  
t a t e s  of Co,O, i n  the  g ra in  boundaries and wi th in  the  grains ,  and a 
s i l i c a t e  phase i n  the  g r a i n  boundaries. X-ray d i f f r a c t i o n  measure- 
ments revealed the  presence of cobal t  s i l i c a t e  (Co,Si04), COO, and 
Co,O, i n  these  oxides.  Electron microprobe measurements u t i l i z i n g  
e l e c t r o n  backsca t te r  images (F ig .  7a,b) and S i  X-ray images con- 
firmed t h a t  t he  g r a i n  boundary p r e c i p i t a t e s  were s i l i c a t e s ,  and t h a t  
l i t t l e  or no s i l i c o n  remained i n  s o l i d  so lu t ion  i n  the  cobal t  oxide. 
B .  Nickel-Chromite Formation From Pure Oxides 
The observat ions t o  be discussed i n  t h i s  s e c t i o n  apply t o  the  
s p i n e l  formation from the  r eac t ion  of reagent-grade chromium oxide 
w i t h  both reagent-grade and high-purity n icke l  oxide. For ease  of 
presenta t ion ,  t he  sur face  e f f e c t s  and the  i n t e r n a l  e f f e c t s  w i l l  be 
described separa te ly .  
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(a) ELECTRON BACKSCATTER IMAGE 
(b) Si KLY X-RAY IMAGE 
FIGURE 5 STRUCTURE AND COMPOSITION OF NICKEL OXIDE DOPED 
WITH 1.5 MOLE % SILICON OXIDE. Second phase is Ni,SiO,. 
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FIGURE 6 STRUCTURE OF HIGH-PURITY AND SILICON-DOPED COBALT OXIDE: 
(a) 
(b) 
High purity; grey matrix is COO, white precipitate is Co,O,; 
Silicon-doped; grey matrix is Coo, dark grain boundary phase is CapSi04 
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FIGURE 7 STRUCTURE OF COO-lSi0, PELLET 
image photograph of Si Ka radiation from same area as in (a). 
(a) Electron backscatter image; (b) X-ray 
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1. Surface Features  
During e a r l y  experiments, the  chromium oxide p e l l e t s  appeard t o  
shr ink  during the  s p i n e l  r eac t ion  anneals.  Details of t h i s  shrinkage 
were determined by c u t t i n g  pre-bonded p e l l e t s  i n t o  small  rec tangular  
prisms and f i r i n g  a t  temperatures from 1200 t o  15OO0C. 
specimens took the shape shown i n  Fig.  8a a f t e r  f i r i n g ,  the  most pro- 
nounced shape changes occurr ing a t  t h e  highest  temperatures and longest 
times. The i n i t i a l  shape of t he  specimen i s  shown by the  dashed l i nes .  
The n icke l  oxide half  of t he  specimen expanded, the  maximum expansion 
occurr ing near the  r eac t ion  in t e r f ace .  Some of t h i s  expansion, however, 
could be accounted f o r  by sur face  formation of n icke l  chromite sp ine l  
on the  n icke l  oxide from the  vapor phase. Th i s  formation w i l l  be d i s -  
cussed i n  g rea t e r  d e t a i l  i n  a l a t e r  sec t ion .  A s  i s  shown, the  chromium 
oxide half  of t h e  specimen underwent a severe non-uniform shrinkage, 
the  maximum shrinkage occurr ing near the  r eac t ion  in t e r f ace .  
A l l  such 
Examination of the  sur face  of the  r eac t ion  i n t e r f a c e  i n  g rea t e r  
d e t a i l  revealed the  s t r u c t u r e s  shown i n  Fig.  8b. The predominant 
f e a t u r e s  of the  i n t e r f a c e  were the  s p i n e l  c r y s t a l s  on t h e  surface o f  
the  n i cke l  oxide, and the  small  c r y s t a l l i t e s  formed on the  sur face  of 
the  sp ine l .  These c r y s t a l l i t e s  were not s t rong ly  bonded t o  the  s p i n e l  
and could e a s i l y  be brushed o f f .  Examination a t  higher magnifications 
(F ig .  9b) showed prominent growth s t eps  and f i n e  cracks i n  the  s p i n e l  
c r y s t a l s .  T h i s  cracking w a s  found t o  be a genera l  occurrence i n  both  
t h e  s p i n e l  phase and the chromium oxide phase. The c r y s t a l l i t e s  formed 
on the  sur face  of the  s p i n e l  were small  octahedrons (F ig .  9c) and were 
i d e n t i f i e d  a s  n i cke l  chromite by X-ray d i f f r a c t i o n .  I n  addi t ion  t o  
these fea tures ,  small  c r y s t a l l i t e s ,  resembling e t c h  p i t s  (F ig .  s a ) ,  
formed on the  sur faces  on the  n i cke l  oxide during the  s p i n e l  reac t ion .  
These c r y s t a l l i t e s  appeared t o  form p r e f e r e n t i a l l y  on cube faces  of 
the  n icke l  oxide c r y s t a l s ,  and along what appeared t o  be subgrain 
boundaries. The amount of c r y s t a l l i t e  formation on the  n icke l  oxide 
decreased as the  d is tance  from the  r eac t ion  i n t e r f a c e  increased. 
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INTERFACE 
N io 
NiCr204 
CRYSTALLITES 1 
FIGURE 8 NICKEL OXIDE/CHROMIUM OXIDE DIFFUSION COUPLE: (a) Macrostructure 
showing non-uniform shrinkage of chromium oxide; (b) details of surface at 
reaction interface. - 
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FIGURE 9 DETAILS OF THE NICKEL OXIDE/CHROMIUM OXIDE INTERFACE: (a) Nickel 
oxide crystals near reaction interface showing spinel nucleation; (b) surface structure 
of nickel chromite showing growth steps and cracks; (c) octahedral crystallites formed 
at the surface of the reaction interface. 
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Figure 10 shows t h a t  no such c rys t a l l i t e  formation was ever  observed 
on the  sur faces  of n i cke l  oxides t h a t  had been f i r e d  i n  the  absence 
of chromium oxide. These observat ions suggest t h a t  the  c r y s t a l l i t e s  
on the  sur face  of the  n i cke l  oxide may be the  f i r s t  s tages  of n icke l  
chromite s p i n e l  formation by a s o l i d  NiO-"vapor" Cr,O, mechanism. 
The s p i n e l  c r y s t a l l i t e s  on t h e  sur face  of t he  large-grained s p i n e l  
probably form by a vapor phase r e a c t i o n  of both n icke l  and chromium 
oxides.  
2. I n t e r n a l  Features  
Charac t e r i s t i c s  of the  i n t e r n a l  f e a t u r e s  o f  nickel-chromite 
s p i n e l  formation a r e  summarized schematical ly  i n  Fig. 11, and examples 
of some of these  f e a t u r e s  a r e  shown i n  Figs .  12-15. The thickness  of 
t he  s p i n e l  formed during a given d i f fus ion  anneal var ied considei-ably 
depending on the  loca t ion  wi th in  the  specimen. A t  the  sur face  of the  
r eac t ion  i n t e r f a c e  ( l o c a t i o n  A i n  Fig.  ll), the  s p i n e l  was very th ick .  
This t h i c k  layer  r ap id ly  decreased t o  a very t h i n  layer  i n s ide  the  
dense, crack-free regions of t he  specimen ( l o c a t i o n  B i n  Fig.  11). 
Thick s p i n e l  l aye r s  a l s o  formed a t  i n t e r n a l  cracks exposed t o  a i r  ( loca-  
t i o n  D ) .  
than the  sur face  l a y e r s ,  depending on the  geometry of the  crack. An 
example of t h e  thickness  of the  sur face  and the  i n t e r n a l  s p i n e l  layers  
i s  shown i n  Fig.  12. Also shown i n  Fig.  12 is  the  cracking of the  
chromium oxide p e l l e t  near t he  r eac t ion  in t e r f ace .  Cracking of the  
specimens p a r a l l e l  t o  the  r eac t ion  i n t e r f a c e  w a s  a l s o  observed i n  the  
s p i n e l  and the  n i cke l  oxide, but the  cracking of the  dense chromium 
oxide was most common. This cracking did not extend across  the  speci-  
men, and t h e  p e l l e t s  were genera l ly  wel l  bonded. Only i n  one s p e c i a l  
experiment was easy separa t ion  of t he  r e a c t a n t s  a f t e r  the  d i f fus ion  
anneal  observed, although easy separa t ion  has been described a s  a 
common occurrence by Hauf f e and Pschera, 28 Schmalzried, 
Sockel.26 
These i n t e r n a l  l aye r s  could e i t h e r  be th i cke r  or  th inner  
and 
The d e t a i l s  of t h i s  experiment and i t s  implicat ions i n  the  
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REAGENT-GRADE 
N io 
HIGH-PURITY 
N io 
HIGH-PURITY 
NiO - Im/o Mno 
FIGURE 10 SURFACE STRUCTURES OF VARIOUS NICKEL OXIDE 
PELLETS AFTER FIRING 
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FIGURE 11 SCHEMATIC REPRESENTATION OF INTERNAL FEATURES OBSERVED IN 
NICKEL CHROMITE FORMATION FROM PURE OXIDES: (A) Spinel formed 
at corners of pellet exposed to air; (B) Spinel formed in dense, crack-free 
regions of pellets; (C) Spinel formed at "thick" marker; (D) Spinel formed 
internally but exposed to air by a crack; (E) Spinel precipitate in nickel oxide. 
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FIGURE 12 SURFACE AND INTERNAL NICKEL CHROMITE SPINEL FORMATION 
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mechanism of s p i n e l  formation w i l l  be given i n  a later section. 
Thick s p i n e l  l aye r s  a l s o  Tormed a t  t h i c k  (approximately 6 p)  platinum 
markers ( l o c a t i o n  6). An example of t h i c k  s p i n e l  formation a t  such a 
marker and t h i n  s p i n e l  formation from a region of t h e  specimen t h a t  
has no marker i s  shown i n  Fig.  13. The d i f f e rence  i n  the  thickness  
of the  s p i n e l  a t  these  two locations i s  evident .  The las t  predominant 
i n t e r n a l  f e a t u r e s  ( l o c a t i o n  E, Fig. 11) were found a t  the  t h i n  (1-2 p )  
or discontinuous platinum or i r idium powder markers. These t h i n  
markers were always buried within the n i cke l  oxide. The depth to 
which the markers were buried increased wi th  the  t i m e  and temperature 
of exposure. The t i m e  dependence w a s  parabol ic ,  and the temperature 
dependence was Arrhenius i n  f o r m .  No d i f f e rences  were observed i n  the  
depths  of the  platinum and i r i d i u m  markers af ter  iden t i ca1 , r eac t ions .  
Examples of buried markers a r e  shown i n  Fig.  14 f o r  t w o  s spara te  
specimens, one reacted f o r  64 hours a t  13OO0C, and the other for 88 
hours a t  1475OC. 
t h a t  contained markers (F ig .  14)  and i n  specimens tha t  d id  not conta in  
markers (F ig .  13b), were very f i n e '  Widmanstatten p rec ip i t a t e s .  These 
p r e c i p i t a t e s  extended wel l  i n t o  the  n icke l  oxide, and could be resolved 
on both s i d e s  of the  markers. Examination of the  marker regions i n  
g r e a t e r  d e t a i l  (F ig .  15) revealed tha t  the p r e c i p i t a t e  s i z e  and or ien-  
t a t i o n  changed a t  t he  l i ne  of markers, and that  a continuous g r a i n  
boundary was formed a t  t he  marker l i ne .  T h i s  p r e c i p i t a t i o n  has not 
been reported previously.  I n  addi t ion  to  these  f e a t u r e s  i t  w a s  
observed t h a t  noplanar d i f fus ion  i n t e r f a c e s  formed between the  s p i n e l  
layer and t h e  chromium oxide (Fig.  14a).  However, t he  i n t e r f a c e  
between the  s p i n e l  and the  n icke l  oxide w a s  always planar (when com- 
p l i c a t i o n s  a r i s i n g  from t h e  presence o f  t h i ck  markers did not i n t e r -  
f e r e ) .  
chromium oxide/spinel  i n t e r f a c e  was another f e a t u r e  t h a t  had not been 
reported previously.  
Also v i s i b l e  i n  the  n icke l  oxide, both i n  specimens 
T h i s  nonplanar behavior of the  d i f fus ion  i n t e r f a c e  a t  t he  
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Pt 
NiCr204 
CR203 
NiCr204 
NiO + NiCr204 
FIGURE 13 COMPARISON OF NICKEL CHROMITE LAYERS FORMED (a) AT THICK 
MARKERS AND (b) AT MARKER-FREE LOCATIONS. Note spinel 
precipitates in Ni-0. 
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Ir 
MOUNTING COMPOUND 
NiCr204 
NiO NiCrz04 
Ir 
FIGURE 14 MARKER LOCATIONS IN NICKEL OXIDE REACTED (a) AT 1300°C AND 
(b) AT 1475°C 
NiO NiCr204 
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I r  P JlARKERS 
FIGURE 15 DETAILS OF PRECIPITATES AND BOUNDARY AT IRIDIUM MARKERS 
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A l l  the above-mentioned f e a t u r e s  were observed i n  m o s t  of t he  
specimens, and it  was necessary t o  use techniques o the r  than metal- 
lography to  inves t iga t e  the  following quest ions before examining the  
k i n e t i c s  or mechanism of n i cke l  chromite s p i n e l  formation: 
1. 
2 .  
3. 
4. 
5. 
What were the  p r e c i p i t a t e s  tha t  formed i n  the  n icke l  
oxide? 
Why w a s  the  s p i n e l  l aye r  t h a t  formed at  the  sur face  
or a t  i n t e r n a l  c racks  orders  of magnitude th i cke r  
than the  s p i n e l  l aye r  formed i n t e r n a l l y  a t  dense, 
crack-free s i t e s ?  
Why were th i ck  s p i n e l  l aye r s  formed a t  t h i ck  markers? 
Why were t h i n  or d i s c r e t e  marker p a r t i c l e s  buried 
wi th in  the  n i cke l  oxide? 
Why was the  i n t e r f a c e  between the  s p i n e l  and the  
chromium oxide nonplanar? 
3. Phase Analysis and P r e c i p i t a t e  I d e n t i f i c a t i o n  
The p r e c i p i t a t e s  were i d e n t i f i e d  by combining X-ray d i f f r a c t i o n  
and metallographic techniques. A specimen t h a t  had been reacted and 
slowly cooled t o  room temperature ( t o  accentuate  the  p r e c i p i t a t i o n )  
was c a r e f u l l y  ground p a r a l l e l  t o  the  r eac t ion  in t e r f ace .  The ground 
f ace  was examined by X-ray d i f f r a c t i o n  using C r  IQy r ad ia t ion .  The 
N i O  (lll), Cr,O, (104),  and N i C r , 0 4  ( 2 2 0 )  r e f l e c t i o n s  were measured 
a f t e r  gr inding.  Approximately 10 t o  20 p of oxide were removed by 
each gr inding s t ep .  The r e s u l t s  of these  measurements (F ig .  16) 
showed t h a t  t he  p r e c i p i t a t e s  were n icke l  chromite sp ine l .  The sp ine l  
p r e c i p i t a t e s  could r e a d i l y  be de tec ted  a t  a d is tance  of 80 p from the  
dense s p i n e l  layer .  Only n icke l  oxide and n i cke l  chromite formation 
was de tec ted  a t  t h i s  d i s tance ,  and no chromium oxide w a s  de tec ted  
u n t i l  another 60 )I of oxide were removed. 
T h i s  i d e n t i f i c a t i o n  was somewhat ambiguous, i n  view of the  
p o s s i b i l i t y  of gr inding the specimen a t  an angle to  the  reac t ion  
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FIGURE 16 STRUCTURE AND PHASE ANALYSIS 
SOLID STATE SPINEL FORMATION 
OF REACTION ZONE FORMED DURING 
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i n t e r f a c e  and the p o s s i b i l i t y  of de t ec t ing  s p i n e l  r a d i a t i o n  from 
beneath the  sur face  of the  specimen. T h i s  experiment, however, 
was l a t e r  confirmed by  the  e l e c t r o n  microprobe s tud ie s .  A l l  
a t tempts  t o  determine the  reason f o r  t he  d i f f e rence  i n  thickness  
between the  s p i n e l  l aye r s  formed w i t h  access to a i r  and the  l aye r s  
formed i n  crack-free regions of the  specimen always led t o  the  con- 
c lus ion  t h a t  t w o  d i f f e r e n t  mechanisms were responsible .  The d e t a i l s  
of the  reasoning leading t o  t h i s  conclusion a re  presented i n  the 
Discussion sec t ion .  
4 .  Marker Behavior 
The i d e n t i f i c a t i o n  of t he  n i cke l  chromite p r e c i p i t a t e  p a r t i c l e s  
i n  the n icke l  oxide provided a reason f o r  t he  formation of t h i ck  
s p i n e l  l aye r s  a t  defect-free,  t h i ck  markers and t h i n  s p i n e l  l aye r s  
away from the  markers. Had the  t h i n  s p i n e l  l aye r  been formed a t  the  
th i ck  marker and the  th ick  s p i n e l  l aye r s  a t  marker-free regions, a 
simple explanat ion could be proposed on the b a s i s  of i nh ib i t ed  d i f -  
fus ion  of N i 2 +  and Cr3' through the  marker. 
explanat ion had t o  be proposed and t e s t ed  t o  expla in  the  experimental 
observat ions.  I t  was evident  t h a t  the  n i cke l  chromite t h a t  formed i n  
the n icke l  oxide was the  r e s u l t  of d i s so lu t ion  of the  s p i n e l  a t  the  
However, an a l t e r n a t e  
n icke l  oxide/spinel  r eac t ion  in t e r f ace .  Consequently, i f  the  r a t e  of 
d i s s o l u t i o n  of the  s p i n e l  l aye r  by n icke l  oxide was the  same order  of 
magnitude as the  r a t e  of formation of the  s p i n e l  layer  a t  the  i n t e r -  
face,  one would expect the  r e s u l t a n t  layer  t o  be t h i n  when no disso- 
l u t i o n  b a r r i e r s  were present ,  and t h i c k  when b a r r i e r s  were present .  
To confirm t h i s  model, one would have t o  show t h a t  the  amount of 
n icke l  chromite i n  the  n i cke l  oxide was l e s s  ( i n d i c a t i n g  l e s s  disso-  
l u t i o n  of the  sp ine l )  a t  the  the  t h i c k  marker than  t h e  amount of 
n icke l  chromite a t  the  marker-free region of the  specimen. T h i s  con- 
f i rmat ion  w a s  provided i n  p a r t  by t h e  morphology of the  r eac t ion  
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i n t e r f a c e  a t  an imperfect platinum marker, and by the  chromium and 
n i cke l  concent ra t ion  p r o f i l e s  a t  defected and defec t - f ree  regions of 
the  marker. The s t r u c t u r e  and composition of the  r eac t ion  i n t e r f a c e  
a t  a defected t h i c k  platinum marker a re  shown i n  Fig.  17. The e lec-  
t r o n  back-scat ter  image and the  N i  Kcy X-ray image show the  s p i n e l  
l aye r  to  be very i r r e g u l a r  a t  t he  spinel-chromium oxide in t e r f ace .  
More important f o r  the  purposes of the  present  topic ,  both images 
show t h a t  two small  d e f e c t s  i n  the  marker have r e su l t ed  i n  the  forma- 
t i o n  of semi-circular  i n t rus ions  of n i cke l  oxide i n t o  the  chromium 
oxide. X-ray image photographs using P t  Q and C r  Kcy r ad ia t ion  show 
t h a t  t he re  has been l i t t l e ,  i f  any, d i s s o l u t i o n  of the  marker, and 
t h a t  the  chromium oxide content  i n  the  in s t rus ions  has been g r e a t l y  
reduced. The s t r u c t u r e  of the  de fec t s  alone shows t h a t  the  s p i n e l  
l aye r  i s  being dissolved by the  n icke l  oxide; however, the composition 
p r o f i l e s  add f u r t h e r  evidence t h a t  the  chromium content i n  the  in t ru -  
s ion  i s  g rea t e r  than the  chromium content  a t  t he  defec t - f ree  region 
of the  marker. The s t r u c t u r e  of the  defec t  region of the  platinum 
marker i s  shown i n  g r e a t e r  d e t a i l  i n  Fig.  18, along w i t h  a chromium 
@ X-ray image and a model of the  mechanism by which the  semicircular  
i n t r u s i o n  formed. I t  is  not immediately apparent from the  X-ray image, 
but c lose  inspec t ion  w i l l  show t h a t  t he re  i s  a higher concentrat ion 
of chromium i n  the  n icke l  oxide a t  t he  i n t r u s i o n  than a t  the  p lanar  
regions of the r eac t ion  in t e r f ace .  T h i s  higher chromium concentrat ion 
i s  explained on the  bas i s  of a g rea t e r  f l u x  of chromium from t h e  
s p i n e l  i n t o  the  n i cke l  oxide a t  the  in t rus t io i i  than a t  t h e  defect-  
f r e e  region of the  sample. Consequently, s ince  the  r a t e  of chromium 
d i f fus ion  i n  the  n i cke l  oxide a t  both loca t ions  w i l l  be e s s e n t i a l l y  
the  same, chromium oxide w i l l  accumulate i n  the  in t rus ion .  Scanning 
across  the  specimen along paths  A and B of Fig. 18 revealed the  compo- 
s i t i o n  p r o f i l e s  shown i n  Fig.  19. I t  i s  evident  from these p r o f i l e s  
t h a t  the  chromium concentrat ion i n  the  n icke l  oxide i n  the  i n t r u s i o n  
is s i g n i f i c a n t l y  higher  than t h e  concentrat ion of chromium i n  the  
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ELECTRON BACKSCATTER 
IMAGE 
Ni KCY X-RAY IMAGE 
Cr Ka! X-RAY IMAGE 
Pt KCX X-RAY IMAGE 
FIGURE 17 MORPHOLOGY AND COMPOSITION OF NICKEL OXIDE/CHROMIUM OXIDE 
REACTION INTERFACE AT DEFECTS IN THICK PLATINUM MARKERS 
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NiCr200q 
P t  
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ELECTRON BACKSCATTER IMAGE 
cr3+ 
TA-7359-16 
FIGURE 18 DETAILS OF STRUCTURE AT DEFECT IN PLATINUM MARKER. Chromium 
and nickel composition profile scans shown in Figure 19 were made at 
locations A and 6. 
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FIGURE 19 INFLUENCE OF THICK PLATINUM MARKER ON THE CONCENTRATION 
OF DISSOLVED CHROMIUM IN NICKEL OXIDE. (a) at marker defect 
(b) at continuous marker. 
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nicke l  oxide a t  the p lanar  r eac t ion  in t e r f ace .  Consequently i t  can 
be concluded t h a t  the  t h i c k  platinum markers cause the  formation of 
t h i cke r  s p i n e l  l aye r s  because they  a r e  a b a r r i e r  t o  chromium disso-  
l u t i o n  by the  n icke l  oxide. 
I t  can be argued t h a t  the  example shown i n  Figs.17 t o  19 does 
not confirm the  proposed b a r r i e r  mechanism, s ince  the  geometry of 
the  defec t  automatical ly  reduces the  c ross -sec t iona l  a r ea  through 
which the  dissolved chromium oxide must d i f fuse ,  and t h a t  t he  higher 
chromium concentrat ion i n  the  i n t r u s i o n  could be explained on the  
bas i s  of geometry alone. Further ,  inspec t ion  of Figs. 17-19 shows 
t h a t  the  thickness  of t he  s p i n e l  a t  the  in t rus ion  is  about the  same 
as  a t  the  defec t - f ree  region. B o t h  arguments a r e  va l id .  However, 
the  seve ra l  examples of n icke l  chromite p r e c i p i t a t i o n  i n  the  n i cke l  
oxide (which occurred a t  p lanar  i n t e r f aces )  a l ready  presented and 
e l ec t ron  microprobe da ta  t o  be presented add t o  these  r e s u l t s  t o  
confirm the  d i s so lu t ion  b a r r i e r  model. 
The experiments shown i n  Figs. 17-19 a l s o  he lp  expla in  the  loca- 
t i o n  of the  t h i n  and/or discontinuous markers i n  the  n icke l  oxide 
( l o c a t i o n  E, Fig.  11). I f  the markers a r e  d i s c r e t e  p a r t i c l e s ,  they 
do not i n t e r f e r e  w i t h  the s p i n e l  r eac t ion  and the s p i n e l  d i s so lu t ion  
i n  the  n i cke l  oxide.  Consequently, the  simple i n t e r d i f f u s i o n  reac- 
t i o n  t h a t  would be expected if d i s s o l u t i o n  d i d  not occur i s  replaced 
by a moving-boundary d i f f u s i o n  reac t ion ,  i n  which there is  a f l u x  of 
ma te r i a l  i n t o  the  s p i n e l  and a f l u x  of the  same order  of magnitude 
i n t o  the  n i cke l  oxide. Consequently, the  markers remain a t  t he  
o r i g i n a l  i n t e r f ace ,  and the  sp ine l /n i cke l  oxide i n t e r f a c e  and the  
spinel/chromium oxide i n t e r f a c e  move toward the  chromium oxide half 
of the d i f fus ion  couple. When t h i c k  platinum markers a re  used, s p i n e l  
d i s s o l u t i o n  w i l l  occur only a t  d e f e c t s  (e.g., Fig.  17);  consequently, 
the  t h i c k  marker w i l l  remain a t  t he  o r i g i n a l  i n t e r f ace ,  while the  
regions of the  specimen i n  which s p i n e l  d i s s o l u t i o n  i s  not blocked 
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w i l l  advance .toward the chromium oxide. An example of t h i s  e f f e c t  
w i t h  t h i ck  markers is shown schematical ly  i n  Fig. 11 and e x p l i c i t l y  
i n  Fig. 20, where the  f i n a l  i n t e r f a c e  has advanced away from the  
i n i t i a l  i n t e r f a c e  defined by the  th i ck  platinum marker. Although it 
i s  not c l e a r l y  shown i n  Fig.  20, the s p i n e l  l aye r  a t  t he  marker is  
a t  least 1 order  of magnitude th i cke r  than the s p i n e l  layer  away from 
the  marker. I n  add i t ion  t o  t h e  evidence presented, some specimens 
have a l s o  shown regions i n  which platinum agglomeration occurred 
( l eav ing  the  markers buried i n  the  n icke l  oxide) ,  and some regions 
i n  which the  agglomeration d i d  not occur ( l eav ing  the markers a t  the  
sp ine l /n i cke l  oxide in t e r f ace )  . 
e ra t ed  and nonagglomerated markers were aligned. T h i s  e f f e c t  
(F ig .  11) i s  f u r t h e r  evidence t h a t  ne i the r  the  discontinuous nor the  
continuous markers move during the  s p i n e l  reac t ion .  
I n  these specimens, both the  agglom- 
5. Single  C r y s t a l  Experiments 
Experiments w i t h  s i ng le  c r y s t a l s  were performed f o r  t w o  major 
reasons: f i r s t ,  t o  c l a r i f y  the  reason f o r  nonplanar d i f fus ion  i n t e r -  
faces  between the  s p i n e l  and the  chromium oxide, and, second, t o  
compare w i t h  the  var ious observat ions of s p i n e l  formation from dense 
po lyc rys t a l l i ne  specimens. 
A s  w a s  shown previously,  t he  r eac t ion  of t he  dense polycrys ta l -  
l i n e  chromium and n icke l  oxides r e su l t ed  i n  the  formation of planar  
r eac t ion  i n t e r f a c e s  between the  s p i n e l  and the  n icke l  oxide, but 
highly nonplanar r eac t ion  i n t e r f a c e s  between the sp ine l  and the  
chromium oxide ( s e e  Figs .  14-18). Careful metallographic examination 
of many specimens revealed tha t  the  i r r e g u l a r  na ture  of the  sp ine l /  
chromium oxide i n t e r f a c e  was o f t e n  assoc ia ted  w i t h  g ra in  boundaries 
i n  the  chromium oxide.  Elowever, i n  a few ins tances  p r e f e r e n t i a l  
s p i n e l  growth i n t o  the  chromium oxide occurred where no g r a i n  bound- 
a r i e s  were apparent.  Consequently, the  r eac t ion  of s ing le  c r y s t a l s  
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FIGURE 20 EXAMPLE OF MOVING INTERFACE DURING NICKEL CHROMITE FORMATION. 
The thick (- 6 p )  platinum marker does not move during the reaction. 
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of chromium and n i cke l  oxide would help determine whether t he  non- 
p lanar  r eac t ion  i n t e  y on the  presence of 
g r a i n  boundaries. 
I n  the  f i r s t  of the  s i n g l e  c rys ta l  experiments, a s ing le  
c rys ta l  of chromium oxide w a s  reac ted  with a dense polycrys ta l  of 
n i cke l  oxide. The s t r u c t u r e  of t h e  r eac t ion  i n t e r f a c e  a t  t w o  loca- 
t i o n s  (Fig.  21) w a s  s imilar to  t h a t  observed previously with poly- 
c r y s t a l l i n e  d i f f u s i o n  couples. The c e n t r a l  p a r t  of t he  d i f fus ion  
couple contained a t h i n  s p i n e l  l aye r  between the  s i n g l e  c r y s t a l l i n e  
chromium oxide and the po lyc rys t a l l i ne  n i cke l  oxide. Close inspec- 
t i o n  of t h e  t h i n  s p i n e l  l aye r  i n  the cen te r  of t he  specimen a l s o  
revealed t h a t  t he  r eac t ion  i n t e r f a c e s  were not s t r i c t l y  planar,  but 
t h i s  e f f e c t  could be a t t r i b u t e d  t o  i r r e g u l a r i t i e s  i n  the  s t a r t i n g  
sur faces  because the  r eac t ion  l aye r  i t s e l f  was so t h in .  Prec ip i -  
t a t i o n  of s p i n e l  i n  a Widmanstatten p a t t e r n  w a s  p resent  i n  the  
n i cke l  oxide. Toward the  edge of t he  specimen and a t  a crack 
p a r a l l e l  to  the  r eac t ion  in t e r f ace ,  the s p i n e l  l a y e r  w a s  an order  
of magnitude th icker .  I n  addi t ion,  t he  spinel/chromium oxide i n t e r -  
f ace  w a s  very i r r e g u l a r  (F ig .  21b). The i r r e g u l a r i t y  of the  sp ine l /  
chromium oxide i n t e r f a c e  a t  the  t h i c k  s p i n e l  layer ,  however, was too  
prominent t o  be a t t r i b u t e d  t o  d e f e c t s  i n  the i n i t i a l  s t a r t i n g  surfaces .  
This experiment t he re fo re  showed t h a t  the  i r r e g u l a r  r eac t ion  i n t e r -  
face  between the  s p i n e l  l aye r  and the chromium oxide p e l l e t  was not  
dependent on the  presence of g r a i n  boundaries i n  the  chromium oxide. 
However, i t  did appear that  some access  t o  a i r  was necessary for the  
format ion  of the i r r e g u l a r  i n t e r f ace .  
The second s i n g l e  c r y s t a l  experiment u t i l i z e d  s ing le  c r y s t a l s  of 
n i cke l  oxide and chromium oxide. I n  t h i s  experiment, the  t h i n  s p i n e l  
l a y e r  again formed (Fig .  22) between the s t a r t i n g  oxides, and prec ip i -  
t a t i o n  of n i cke l  chromite s p i n e l  w a s  c l e a r l y  v i s i b l e  i n  the  n icke l  
oxide. I n  addi t ion,  the  r eac t ion  i n t e r f a c e s  between the  s p i n e l  and 
both s t a r t i n g  oxides were not  s t r i c t l y  planar .  I n  some local regions 
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FIGURE 21 STRUCTURES OF SPINEL LAYERS FORMED BY THE REACTION OF SINGLE 
CRYSTAL CHROMIUM OXIDE AND POLYCRYSTALLINE NICKEL OXIDE: 
layer is thick. 
k-free internal location, the layer is thin; (b) at cracked location the 
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FIGURE 22 STRUCTURE OF NICKEL CHROMITE REACTION LAYER BETWEEN NICKEL 
OXIDE AND CHROMIUM OXIDE SINGLE CRYSTALS. 
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of t he  s p i n e l  layer, acce le ra ted  s p i n e l  pene t ra t ion  i n t o  t h e  chromium 
oxide was observed (F ig .  22). 
always) assoc ia ted  with cracks i n  the  s p i n e l  layer. 
These regions were o f t e n  ( b u t  not  
The s i n g l e  c r y s t a l  experiments proved t h a t  t h e  pene t ra t ion  of 
t h e  chromium i n t o  the n icke l  oxide occurred by a s o l i d  s t a t e  d i f -  
fu s ion  mechanism, and not by a vapor t ranspor t  mechanism through 
pores ( a s  was poss ib l e  with the  po lyc rys t a l l i ne  n i cke l  oxide speci-  
mens). I n  addi t ion ,  i t  w a s  evident  that  t h i s  pene t ra t ion  occurred 
without the  formation of po ros i ty  i n  e i t h e r  the  n i cke l  or chromium 
oxide s i n g l e  c r y s t a l s .  Further,  the  ca lcu la ted  parabol ic  r eac t ion  
r a t e  cons tan ts  (descr ibed  i n  a l a t e r  sec t ion)  were cons i s t en t  w i t h  
t he  r a t e  cons tan ts  derived from dense po lyc rys t a l l i ne  specimens. 
These observat ions therefore  supported the  conclusion that the  
r e s u l t s  obtained w i t h  the  po lyc rys t a l l i ne  specimens used i n  t h i s  
s tudy r e f l e c t  the  s o l i d  s t a t e  s p i n e l  r eac t ion  mechanism. The lack 
of v i s i b l e  poros i ty  i n  the  s ing le  c r y s t a l s  allowed f o r  the  de t e r -  
mination of a m a s s  balance across  t h e  reac t ion  in t e r f ace .  The compo- 
s i t i o n  gradien ts  were required f o r  t h i s  mass balance. 
Electron microprobe measurements of the  chromium &-J! r a d i a t i o n  
from the  same area  shown i n  Fig.  22 were made by poin t  counting a t  
3 t o  6 p i n t e r v a l s  using a beam diameter of - 6 p.  
K& X-ray i n t e n s i t y  p r o f i l e  across  the  r eac t ion  i n t e r f a c e  (F ig .  23) 
The chromium 
showed i n  a q u a n t i t a t i v e  manner the  depth to  which the  chromium had 
penetrated i n t o  the  n icke l  oxide.  Measurable amounts of chromium 
could be de tec ted  a t  a d i s tance  of 625 p from the  sp ine l /n icke l  oxide 
in t e r f ace .  Figure 23 shows t h a t  the in tens i ty-d is tance  p r o f i l e  i n  the  
n i cke l  oxide w a s  very i r r egu la r ,  as would be expected from the  presence 
of s p i n e l  p r e c i p i t a t e s  i n  the  s i n g l e  c rys ta l  n i cke l  oxide. The s p i n e l  
l aye r  i t s e l f  w a s  t oo  t h i n  t o  be resolved by the  poin t  counting tech- 
nique, however, the s p i n e l  i n t e n s i t y  was ca l cu la t ed  from comparison 
w i t h  the  i n t e n s i t y  da t a  of Fig.  19, and the  6 p s p i n e l  l aye r  w a s  
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drawn accordingly.  The pos i t i on  of the  platinum marker i n  another 
a rea  of the  specimen is  also shown, and w i l l  be used q u a n t i t a t i v e l y  
i n  the d iscuss ion  of t he  formation mechanism and i n  the  formulation 
of the  c r i t i c a l  experiment described l a t e r .  
A s  w i t h  the  po lyc rys t a l l i ne  specimens, a t h i c k  sp ine l  l a y e r  
formed on the  sur face  of t h e  n icke l  oxide c r y s t a l  tha t  w a s  exposed 
t o  a i r  ( l oca t ion  A i n  Fig.  11). T h i s  l aye r  (F ig .  24) w a s  dense and 
polycrys ta l l ine ,  and approximately one order  of magnitude th i cke r  
than the  i n t e r n a l  s p i n e l  layer .  An e l ec t ron  microprobe t r ave r se  of 
the  specimen a t  t h i s  l oca t ion  w a s  made t o  determine whether the  depth 
of d i f f u s i o n  of t he  chromium i n t o  the  n icke l  oxide was the  same as 
t h a t  observed a t  the  c e n t r a l  p a r t  of t he  specimen. I n  addi t ion,  i t  
was des i r ab le  t o  have a continuous scan i n  order  t o  determine more 
d e t a i l  of the  pene t ra t ion .  
The scanning t r ave r se  shown i n  Fig.  25 was made w i t h  the  MAC 400s 
microprobe. Measurements of the  Cr Q and N i  Kcy i n t e n s i t i e s  were made 
simultaneously using a 1 beam s i z e .  A s  can be seen from the  inten-  
s i t y -d i s t ance  p r o f i l e s ,  t he re  w a s  one-to-one correspondence between 
the  maxima and minima of t h e  Cr and Ni K& p r o f i l e s ,  respec t ive ly .  The 
i n t e n s i t y  contours were more i r r e g u l a r  than shown i n  the  poin t  counting 
t r ave r se  (because of t he  smaller  beam s i z e ,  and higher counting r a t e ) ,  
but the  depth of pene t ra t ion  w a s  the  same. Spinel  p r e c i p i t a t i o n  was 
de t ec t ab le  a s  f a r  a s  575 p from the  sp ine l /n icke l  oxide in t e r f ace .  
Evidence of dissolved chromium oxide i n  the  n icke l  oxide is  shown by 
t h e  smooth, s t e a d i l y  decreasing Cr Q p r o f i l e  from 575 t o  750 p .  
However, t he  corresponding increase  i n  the N i  Q i n t e n s i t y  ind ica t e s  
t h a t  t h i s  may have r e su l t ed  f r o m  instrumental  d r i f t .  The s o l u b i l i t y  
of chromium i n  the  n i cke l  oxide is  very l o w  a t  temperatures below 
1000°C,36 and it  is  probable t h a t  most of the  chromium oxide prec ip i -  
tates a s  a s p i n e l  on cool ing t o  room temperature. 
experiments using chromium-oxide-doped n icke l  oxide powders would 
c l a r i f y  t h i s  po in t .  
Rapid cool ing 
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I n  summary, t h e  s t u d i e s  with s i n g l e  c r y s t a l s  only p a r t i a l l y  
resolved the  quest ion of the  nonplanar i n t e r f a c e  formation between 
the  s p i n e l  and the  chromium oxide. However, t he re  appears t o  be 
enough evidence t o  ind ica t e  t h a t  t he  nonplanar i n t e r f a c e  occurs  only 
when access t o  oxygen from t h e  a i r  is  poss ib le .  This  access w i l l  
occur a t  cracks i n  the  s p i n e l  layer ,  poros i ty  i n  the  s t a r t i n g  oxides, 
or by oxygen d i f f u s i o n  along g ra in  boundaries i n  the  dense chromium 
oxide.  The f a c t  t h a t  the  chromium penet ra t ion  and s p i n e l  p rec ip i t a -  
t i o n  i n  the  s i n g l e  c r y s t a l l i n e  n icke l  oxide were i d e n t i c a l  t o  those 
observed i n  the  95% dense po lyc rys t a l l i ne  n icke l  oxides proved t h a t  
chromium penet ra t ion  occurred by a s o l i d - s t a t e  d i f fus ion  mechanism 
and not by vapor t r anspor t  a longpores .  The absence of po ros i ty  i n  
e i t h e r  the  n icke l  or chromium oxide s ing le  c r y s t a l s  a f t e r  t he  sp ine l  
formation showed t h a t  a mass balance could be made and thus allow the  
determination of t he  mechanism of formation from the  marker measure- 
ment. The ana lys i s  leading t o  t h i s  mechanism w i l l  be given i n  d e t a i l  
i n  a l a t e r  s ec t ion .  
6. Vapor Transport  Experiment 
A s  was s t a t e d  i n  the  sec t ion  111-C, s p i n e l  formation experiments 
were performed with the  p e l l e t s  loaded t o  a s t r e s s  l e v e l  of approxi- 
mately 1 kg/cm2. 
contac t  between the  s t a r t i n g  oxides and thus minimize poss ib le  compli- 
ca t ions  a r i s i n g  from vapor phase t r anspor t .  Vapor phase t r anspor t  of 
one or more of t h e  r eac t ing  spec ies  has been widely reported i n  the  
l i t e r a t u r e z 1 ?  " 1  24-26? 28 and has been used as a genera l  explanat ion 
f o r  t he  commonly observed phenomenon of easy separa t ion  of r eac t an t s  
a f t e r  the  s p i n e l  reac t ion .  Schmalzried" has s t a t e d  t h a t  t h i s  phe- 
nomenon r e s u l t s  from the  vapor t ranspor t  of t he  more v o l a t i l e  spec ies  
t o  the  o ther  r eac t an t  when non-ideal contac t  condi t ions  e x i s t  between 
the  two p e l l e t s .  According t o  t h i s  mechanism, the  more v o l a t i l e  
spec ies  t r ave l s ,  v i a  the  gas phase, t o  the  l e s s  v o l a t i l e  p e l l e t  and 
The objec t ive  of t h i s  load was t o  insure  i d e a l  
89 
r e a c t s  t o  form the  sp ine l .  Since t h e r e  is  never any sol id  contact ,  
the  p e l l e t s  separa te  eas i ly ,  and the s p i n e l  l aye r  is  bonded t o  the  
l e s s  v o l a t i l e  mater ia l .  For example, i n  the  formation of z inc  alu-  
minate, one would expect the s p i n e l  t o  s t i c k  t o  the  aluminum oxide, 
while i n  the  formation of magnesium chromite, one would expect the  
s p i n e l  t o  s t i c k  t o  the  magnesium oxide. Extrapolat ing t h i s  gener- 
a l i t y  t o  the  n i cke l  chromite system, one would expect the  s p i n e l  t o  
s t i c k  t o  the  n i cke l  oxide a f t e r  an experiment i n  which non-ideal 
contact  e x i s t s ,  because the  vaporizat ion r a t e  of chromium oxide i s  
g r e a t e r  than t h a t  of n i cke l  oxide.21 I n  the  var ious experiments 
performed i n  the  present  study, the  specimens were always f i rmly  
bonded a f t e r  the  react ion;  s m a l l  c racks were o f t e n  present  i n  the  
chromium oxide (F ig .  12) and i n  the  s p i n e l  (F igs .  9b, 21), but only 
r a r e l y  i n  the  n i cke l  oxide. 
An experiment i n  which contac t  was non-ideal was performed f o r  
comparison w i t h  t he  experiments i n  which i d e a l  contac t  w a s  assumed. 
The specimen assembly cons is ted  of a f la t -pol i shed  n icke l  oxide 
p e l l e t  separated from a f la t -pol i shed  chromium oxide p e l l e t  by three  
2 p t h i ck  f o i l  markers. 
was placed on the d i f fus ion  couple, and the  r e s u l t a n t  compressive 
s t r e s s  l e v e l  was of the  order  of 2 gm/cm2. 
formed a t  145OoC i n  order  t o  produce a high vapor pressure of the  
chromium oxide, and thus assure  non-ideal contac t .  After t he  d i f -  
fu s ion  anneal was completed (appraximately 7 x l o 5  sec)  the  specimen 
was cooled t o  room temperature. Approximately 30 min were required 
to  cool  the specimen from t h e  r eac t ion  temperature t o  room temperature. 
The specimen w a s  then separated simply by l i f t i n g  the  n icke l  oxide 
p e l l e t  o f f  the  chromium oxide p e l l e t .  
N o  load o the r  than the  n icke l  oxide p e l l e t  
The experiment was per- 
The r eac t ion  sur faces  of the  two p e l l e t s  were s imi l a r  i n  appear- 
ance, and both showed t r a c e s  of the  former marker loca t ions  ( F i g .  26 ) .  
The sur face  of the  n icke l  oxide p e l l e t  had depressions a t  the  marker 
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l oca t ions  while the su r face  of the  chromium oxide p e l l e t  was e leva ted  
a t  the  marker locat ion.  From prel iminary examination it appeared t h a t  
t he  s p i n e l  had bonded t o  the  chromium oxide. This  was not expected i n  
view of the  gene ra l i za t ion  described above, and the  easy separa t ion  of 
t he  p e l l e t s  which ind ica ted  t h a t  non-ideal contac t  had been estab-  
l i shed .  The markers themselves could not be seen, and were e i t h e r  
buried i n  the  sp ine l ,  i n  t he  n i cke l  oxide, or a t  the  spinel/chromium 
oxide in t e r f ace .  
Micrographic examination of the  cross-sectioned p e l l e t s  (F ig .  2 7 )  
confirmed the  bonding of the  s p i n e l  t o  the  chromium oxide, and 
revealed the platinum markers buried i n  the  n i cke l  oxide. Spinel  
p r e c i p i t a t i o n  was observed i n  some of t he  n icke l  oxide g ra ins  a t  the  
r eac t ion  in t e r f ace ,  but the  p r e c i p i t a t i o n  was very f i n e  and d i f f i c u l t  
t o  resolve.  The f i n e  p r e c i p i t a t e  s t r u c t u r e  w a s  probably caused By the  
very rap id  cooling. 
The s p i n e l  layer thickness  on the  chromium oxide was used t o  ca l -  
c u l a t e  a r eac t ion  r a t e  constant,  and t h i s  r a t e  constant  was cons is ten t  
w i t h  the r a t e  cons tan ts  obtained a t  the  same temperature using i d e a l  
contac t .  Therefore, the  specimens were under i d e a l  contac t  during the  
s p i n e l  react ion,  even though they were very l i g h t l y  loaded and they 
separated r ead i ly .  I f  non-ideal contac t  had ex is ted ,  the  s p i n e l  should 
have formed on the  n i cke l  oxide ( a s  i t  forms on the  corners  of n icke l  
oxide specimens exposed t o  chromium oxide vapors and a i r ) .  
s t r u c t u r e  d id  not occur, one can conclude t h a t  the  easy separa t ion  of 
p e l l e t s  does not necessar i ly  provide any ind ica t ion  of the  r eac t ion  
mechanism. The easy separa t ion  could have been caused by i n t e r f a c i a l  
cracking during cool ing between the  s o l i d l y  bonded s p i n e l  and the 
n icke l  oxide layers .  The absence of cracking of the chromium oxide 
ind ica ted  t h a t  t he  cool ing s t r a i n s  were re l ieved  by some o the r  mecha- 
nism. Since vapor phase t r anspor t  d i d  not occur during t h i s  experi-  
ment, i t  appeared t h a t  the  experimental  observat ions should be 
Since t h i s  
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explainable  i n  t e r m s  of a s o l i d  s ta te  r eac t ion  mechanism. 
na t ion  of the  experimental  observat ions must include a r a t i o n a l  
explanat ion f o r  t he  depressions on the  n i cke l  oxide and the  e l eva t ions  
on the  chromium oxide a t  t h e  former marker loca t ions .  
Any expla- 
I t  was obvious t h a t  these  topologica l  f e a t u r e s  could not  be 
explained on the bas i s  of  oxide displacement by t h e  platinum marker, 
because the  marker was very t h i n  and, more importantly,  because the  
marker was buried under a depression. 
However, t h e  observed e f f e c t s  could r e a d i l y  be explained i n  terms 
of e f f e c t s  observed and explained i n  the  previous sec t ion  on marker 
behavior. 
A schematic drawing of the proposed sequence of events  which 
formed the specimens i s  shown i n  Fig.  2 8 .  A t  the  f i r s t  s t age  o f '  
react ion,  i d e a l  contac t  occurred between the  t w o  p e l l e t s  by a combina- 
t i o n  of deformation of the  markers and the  oxides.  Reaction t o  form 
n icke l  chromite then proceeded w i t h  simultaneous chromium d i s so lu t ion  
by t h e  n i cke l  oxide.  
however, w a s  i nh ib i t ed  by the presence of the markers. In  the  t h i r d  
s tage,  the sp ine l /n icke l  oxide i n t e r f a c e  continued t o  move away from 
the  o r i g i n a l  i n t e r f ace ,  and in t rus ions  of n i cke l  oxide began t o  form as 
de fec t s  formed i n  the  marker by sur face  tens ion  forces .  I n  s t age  four  
the  marker had agglomerated enough t h a t  the  s p i n e l  d i s so lu t ion  could 
no longer be inh ib i ted ,  and the  sp ine l /n icke l  oxide i n t e r f a c e  moved 
away from the marker. The d i scon t inu i ty  i n  the r eac t ion  i n t e r f a c e  a t  
the  p r i o r  marker l oca t ion  remained, however, because the s t a r t i n g  time 
f o r  t he  d i s s o l u t i o n  r eac t ion  w a s  delayed by the presence of the  marker. 
A t  s t age  f ive ,  the  specimen w a s  cooled and separted a t  the  sp ine l /  
n i cke l  oxide i n t e r f a c e  by the  formation of i n t e r f a c i a l  cracks.  T h i s  
mechanism leaves the  s p i n e l  bonded t o  the  chromium oxide, e l eva t ions  
on the chromium oxide a t  the former marker locat ion,  and depressions 
The d i s s o l u t i o n  of the  s p i n e l  a t  the  marker, 
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i n  the n i cke l  oxide a t  the former marker l oca t ion  as observed experi-  
mentally. N o  o the r  sequence has been developed by the  author which 
can expla in  the  observed micros t ruc tura l  and topological  f e a t u r e s  so 
e a s i l y  . 
7.  Presa tura ted  N i O  Experiment 
I n  t h e  previous experiments the  platinum markers were always 
buried i n  the  n i cke l  oxide a f t e r  extended r eac t ion  a t  a l l  temperatures 
from 1200 t o  155OOC. The markers were buried i n  the  n icke l  oxide 
whether or not t h e  reac t ions  were done under condi t ions  of i d e a l  con- 
tack or non-ideal contac t .  Because n icke l  chromite p r e c i p i t a t i o n  was 
genera l ly  observed i n  the  n i cke l  oxide, t h e  b u r i a l  of the  marker could 
be a t t r i b u t e d  t o  d i s s o l u t i o n  of the  s p i n e l  by the  n icke l  oxide. Con- 
sequent ly  i f  the  n i cke l  oxide were presa tura ted  w i t h  chromium oxide, 
one would expect the p o s i t i o n  of the marker and the  r eac t ion  l a y e r  t o  
represent  the  t r u e  mechanism of n icke l  chromite formation. 
Figures 19a and 23 show s i g n i f i c a n t  p r e c i p i t a t i o n  of s p i n e l  i n  
the  n i cke l  oxide adjacent t o  the r eac t ion  layer .  Simple s t r a i g h t  l i n e  
ex t rapola t ions  and C r  i n t e n s i t y  r a t i o s  were used t o  determine the  
chromium concentrat ions i n  the  n icke l  oxide adjacent  t o  the  sp ine l .  
These values were equivalent  t o  12 w t  % chromium oxide and 14 w t  $ 
chromium oxide f o r  Fig.  19a and 23, respec t ive ly .  
A p resa tura ted  p e l l e t  of n icke l  oxide containing 13 w t  chromium 
oxide was prepared by blending the  high-purity n i cke l  oxide w i t h  
reagent grade chromium oxide, cold pressing, and f i r i n g  a t  14OO0C f o r  
100 hours. 
expected dens i ty .  Th i s  was the l e a s t  dense of a l l  t he  specimens used 
i n  t h i s  study. A polished sec t ion  (F ig .  29) revealed, however, t h a t  
the  specimen contained some regions of high densi ty ,  and that  a l l  the  
chromium oxide had dissolved and p rec ip i t a t ed  on cool ing a s  n i cke l  
chromite, This s t r u c t u r e  was i d e n t i c a l  t o  those formed during the  
After r eac t ion  the  specimen was approximately 80% of the  
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FIGURE 29 STRUCTURE OF NICKEL OXIDE, 13 wt % CHROMIUM OXIDE AFTER 
REACTION AT 14OO0C. 
nickel chromite on cooling. 
All chromium oxide dissolved and precipitated as 
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r e a c t i o n  of Nickel oxide and chromium oxide p e l l e t s  (F igs .  4b, 13b, 
14, 15, 16, 21, and 22).  There was no evidence of any undissolved 
chromium oxide i n  t h e  presa tura ted  p e l l e t .  The p e l l e t  was then 
ground f l a t  and reacted with a f u l l y  dense chromium oxide p e l l e t  a t  
1360'C f o r  137 hours and furnace cooled. 
Prepara t ion  of the  sample f o r  micrographic examination was d i f -  
f i c u l t  because of the  porosi ty ,  but t he re  was good evidence that  the  
platinum marker, which w a s  o r$gina l ly  a t  the  n i cke l  oxide/chromium 
oxide i n t e r f a c e  w a s  buried i n  the  s p i n e l  a f t e r  t he  r eac t ion  (F ig .  30). 
The r a t i o  of t he  s p i n e l  l aye r  thickness  on the  n i cke l  oxide s i d e  of 
the  marker t o  the thickness  on the  chromium oxide s ide  was approxi- 
mate ly  1:l r a t h e r  than the  1:3 which would be expected f o r  the  Wagner 
mechanism. However, t h i s  r a t i o  could e a s i l y  have been a f f ec t ed  by 
errors i n  the  exac t  s o l u b i l i t y  requi red  a t  the r eac t ion  temperature, 
and by prefer red  growth of s p i n e l  on the  n i cke l  oxide s ide  of t he  
marker during the  slow furnace cooling. This  experiment confirms 
t h e  Wagner inverse  ca t ion  d i f f u s i o n  mechanism for  n i cke l  chromite. 
C. Nickel Chromite Formation from Doped Oxides 
Various experiments were performed with d i f fus ion  couples i n  
which the  n icke l  oxide w a s  doped w i t h  e i t h e r  1 mole % manganese 
oxide or w i t h  1.5 mole % s i l i c o n  oxide. 
t i o n  r eac t ion  w i t h  t he  manganese-doped n i cke l  oxide was the  same 
s t r u c t u r a l l y  a n d k i n e t i c a l l y  as the  s p i n e l  formation r eac t ion  w i t h  the  
pure oxide. The same macro and micros t ruc tura l  f e a t u r e s  were observed, 
including the  rap id  sur face  s p i n e l  formation, the  slow s p i n e l  formation 
a t  i n t e r n a l ,  crack-f pee locat ions,  and the inh ib i t ed  s p i n e l  d i s so lu t ion  
a t  t h i c k  platinum markers. The only s i g n i f i c a n t  d i f fe rence  between the  
s p i n e l  formed from the  pure and the  manganese-doped n icke l  oxide w a s  
t he  manganese enrichment of the  s p i n e l  phase when formed from the 
l a t t e r  oxide. T h i s  enrichment a t  a t h i n  s p i n e l  l aye r  i s  shown i n  
I n  general  the  s p i n e l  forma- 
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FIGURE 30 STRUCTURE OF SPINEL REACTION INTERFACE FORMED BETWEEN CHROMIUM- 
SATURATED NICKEL OXIDE AND CHROMIUM OXIDE. Platinum marker buried in 
spinel supports Wagner mechanism. 
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Fig.  31. I n  the  Mn Q! X-ray image photograph, the s p i n e l  l aye r  is  
r i c h e r  i n  manganese than e i t h e r  t he  manganese-doped n icke l  oxide or. 
the  undoped chromium oxide. 
t i o n s  are produced by t h i s  enrichment. A q u a n t i t a t i v e  est imate  of 
the  degree of manganese enrichment i n  the  s p i n e l  is given by the  
N o  unusual chromium or n i cke l  d i s t r i b u -  
X-ray scans shown i n  Fig.  32. These scans s h o w  tha t  the  manganese 
concentrat ion i n  the s p i n e l  i s  approximately 4 t imes g r e a t e r  than i n  
t h e  doped n icke l  oxide. 
The s p i n e l  r eac t ion  i n  n i cke l  oxide doped w i t h  1.5 mole s i l i c o n  
oxide was completely d i f f e r e n t  from the  r eac t ions  i n  pure or manganese- 
doped n i cke l  oxide. With the  silicon-doped specimens, the  r eac t ion  
product cons is ted  of a two-phase chromium oxide-nickel chromite layer .  
The two-phase l aye r  (Fig.  33) w a s  dense, and appeared t o  conta in  only 
chromium oxide and sp ine l .  
i n  t he  s p i n e l  l a y e r ,  and some evidence of s i l i c o n  r e j e c t i o n  from the  
N o  evidence of s i l i c a t e  formation was seen 
n i cke l  oxide was shown by the  absence of n icke l  s i l i c a t e  from the  
n i cke l  oxide adjacent  t o  the  two-phase r eac t ion  product. 
D. Kine t ics  of Nickel Chromite Spinel  Formation 
To confirm the  previously reported observat ions t h a t  s p i n e l  fo r -  
mation was d i f f u s i o n  cont ro l led ,  ', 2 1 ~  ''
sur face  layer  was determined as a func t ion  of tZ f o r  two r eac t ion  
temperatures. These measurements (F ig .  34) showed t h a t  the s p i n e l  
thickness  w a s  indeed a l i n e a r  func t ion  of t', and therefore  cont ro l led  
by d i f f u s i o n  processes.  A s  Fig. 34 shows, t he re  w a s  s c a t t e r  i n  the  
data,  r e s u l t i n g  p a r t l y  from the  nonplanar r eac t ion  i n t e r f a c e  between 
the  s p i n e l  and the  chromium oxide and p a r t l y  from the  inf luence of 
oxygen on t h e  rates of s p i n e l  formation. Wherever oxygen was ava i l -  
able,  the r eac t ion  r a t e  w a s  rapid,  but wherever oxygen w a s  unavai lable  
(as  i n  the  dense, crack-free p a r t s  of the  specimens), the  r eac t ion  
r a t e  was slower. Once it  had been determined t h a t  the  r eac t ion  w a s  
the  thickness  of the  s p i n e l  
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d i f f u s i o n  cont ro l led ,  a s e r i e s  of experiments were performed over a 
temperature range from 1200 t o  155OoC i n  which high p u r i t y  chromium 
oxide was reacted w i t h  high p u r i t y  and commercial p u r i t y  n i cke l  oxide, 
and w i t h  n i cke l  oxide doped w i t h  nominally 1 mole 8 s i l i c o n  oxide and 
w i t h  1 mole '$ manganese oxide. The r eac t ion  cons tan t  ( k  ) f o r  each 
experiment w a s  c a l cu la t ed  f r o m  the  measured thickness  ( A  x) and the  
r eac t ion  time ( t )  using equation 11. I n  those experiments i n  which 
the  p e l l e t s  had been prebonded a t  one temperature and then reacted 
a t  a higher temperature, the  r eac t ion  r a t e  constant  was ca lcu la ted  
P 
from the  equation 
where A x 
thickness ,  and t the  f i n a l  r eac t ion  time. A s  was mentioned e a r l i e r  
t h e  f i n a l  l aye r  was genera l ly  2 t o  3 times th i cke r  than the  i n i t i a l  
r eac t ion  layer .  Consequently the  f i n a l  r eac t ion  r a t e  constant  was 
ca l cu la t ed  on the  bas i s  of the  d i f fe rence  between a l a rge  number 
( A  x 2 )  and a number ( A x ? )  4 t o  10 times smaller .  These cor rec t ions  
r e s u l t i n g  from the  l imi ted  number of experiments i n  which pre-bonded 
specimens were used were consequently very small .  In  view of t he  con- 
s ide rab le  s c a t t e r  i n  the  r a t e  constants ,  i t  w i l l  be seen t h a t  these 
co r rec t ions  were genera l ly  negl ig ib le .  
i s  the  f i n a l  s p i n e l  thickness,  A x i  the  i n i t i a l  s p i n e l  
f 
f 
f 1 
Since the  s p i n e l  a t  the  sur face  of the  specimen was much th i cke r  
than the  s p i n e l  i n s ide  the  dense, crack-free regions of the  specimen, 
the r eac t ion  r a t e s  a t  these two loca t ions  were considerably d i f f e r e n t .  
The s p i n e l  thicknesses  a t  the  specimen surface,  wi th in  the  dense 
i n t e r i o r  of the  specimen, and a t  cracks i n  the dense i n t e r i o r  of the  
specimen were measured and used t o  ca l cu la t e  r a t e  cons tan ts  by equa- 
t i o n  11 or 40. 
i n t e r f a c e  t o  the  platinum or i r idium markers buried i n  the  n i cke l  
oxide was measured and used t o  ca l cu la t e  a r a t e  constant .  I t  is pro- 
posed t h a t  each of these  r a t e  cons tan ts  represent  d i f f e r e n t  reac t ions .  
In  addi t ion,  the  d is tance  from the  sp ine l /n icke l  oxide 
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The inf luence of temperature on t h e  r eac t ion  rate cons tan ts  f o r  sur- 
face  s p i n e l  and i n t e r n a l  s p i n e l  formation i s  shown i n  Fig.  35. 
was a d i f f e rence  of 2 orders  of magnitude between the  r eac t ion  r a t e  
There 
constant  f o r  s p i n e l  formed a t  the sur face  of the specimens and f o r  
s p i n e l  formed ins ide  the dense, crack-free p a r t s  of t he  specimen. 
Even though the re  i s  considerable  scatter i n  these data ,  the extreme 
d i f f e rence  i n  these r a t e s  c l e a r l y  shows that  t w o  d i f f e r e n t  mechanisms 
a r e  operat ing.  
Also apparent from Fig. 35 i s  the  absence of any impurity e f f e c t s  
i n  e i t h e r  the  sur face  or i n t e r n a l  r eac t ion  rate cons tan ts .  The r a t e s  
a r e  e s s e n t i a l l y  the  same (wi th in  experimental s c a t t e r )  f o r  n i cke l  
chromite formed from pure chromium oxide andh ighpur i ty ,  commercial 
pu r i ty ,  and manganese-doped n icke l  oxide. I n  addi t ion,  i t  is apparent 
t h a t  t he  r a t e s  of sur face  and i n t e r n a l  s p i n e l  formation a r e  t h e  same 
for s i n g l e  c r y s t a l  specimens a s  f o r  dense po lyc rys t a l l i ne  specimens. 
N o  da t a  f o r  the  r eac t ion  of silicon-doped n i cke l  oxide w i t h  chromium 
oxide a r e  shown, because the  r eac t ion  l aye r s  cons is ted  e n t i r e l y  of 
two-phase mixtures of n i cke l  chromite and chromium oxide. Since t h i s  
type of s t r u c t u r e  w a s  s i g n i f i c a n t l y  d i f f e r e n t  from those observed w i t h  
o the r  specimens, a r e a c t i o n  rate constant  was not  determined. Also 
shown i n  Fig.  35 i s  the  parabol ic  r eac t ion  rate cons tan t  determined 
f o r  t he  formation of n i cke l  chromite from chromium-saturated n i cke l  
oxide. T h i s  r a t e  i s  considerably g r e a t e r  than t h e  sur face  r eac t ion  
r a t e s ,  as would be expected. I t  i s  apparent from Fig. 35 t h a t  the 
temperature dependence of the  i n t e r n a l  and sur face  s p i n e l  r eac t ion  
cons tan ts  are s imi l a r .  A l e a s t  squares f i t  through the  da t a  r evea l s  
tha t  the  temperature dependences are:  
k ( su r face )  = 1.04 exp (-76.4 x 103/RT) 
k ( i n t e r n a l )  = 3.26 x exp (-68.3 x 103/RT) 
P 
P 
Measurements of t h e  i n t e r n a l  s p i n e l  formed a t  cracks were not 
used t o  ca l cu la t e  rate constants ,  because the th ickness  of the l aye r  
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was very dependent on the  geometry of t he  crack. 
the  s p i n e l  l aye r s  formed a t  cracks were the  same order  of magnitude 
a s  the  s p i n e l  l aye r s  formed a t  t he  surfaces .  I n  addi t ion,  the  thick- 
nesses of the  s p i n e l  l aye r s  formed a t  t h i c k  platinum markers were not 
used t o  c a l c u l a t e  r a t e  constants ,  s ince  these  thicknesses  were highly 
dependent on the  thickness  of the  marker and i ts  freedom from de fec t s .  
Q u a l i t a t i v e l y ,  however, the  r a t e  cons tan ts  (or thicknesses)  were 
intermediate  between the  r a t e  cons tan ts  f o r  sur face  s p i n e l  formation 
and f o r  i n t e r n a l  s p i n e l  formation. 
I n  general ,  however, 
The temperature dependence of the  r a t e  cons tan ts  f o r  i n t e r f a c e  
motion w i t h  respec t  t o  the  markers is  shown i n  Fig.  36, and i s  func- 
t i o n a l l y  descr ibed by 
marker = 2.20 x exp (-67.5 x 103/RT) k 
T h i s  equation w a s  determined by a l e a s t  squares f i t  through the  da t a .  
The a c t i v a t i o n  energy f o r  the  n i cke l  oxide/nickel  chromite i n t e r f a c e  
motion i s  i d e n t i c a l  t o  t h a t  f o r  i n t e r n a l  s p i n e l  formation, and does 
not appear t o  be s i g n i f i c a n t l y  a f f ec t ed  by oxide composition or by 
the  c r y s t a l l i n e  s t r u c t u r e  of the  s t a r t i n g  mater ia l .  
E .  Cobalt Chromite Formation from Pure Oxides 
1. Surface Features  
The sur face  s t r u c t u r e s  observed i n  cobal t  chromite d i f fus ion  
couples were i d e n t i c a l  t o  those observed i n  the  n i cke l  chromite 
specimens: non-uniform shrinkage of the  chromium oxide half  of t h e  
d i f fus ion  couple a t  the r eac t ion  in t e r f ace ,  expansion of the  cobal t  
oxide half  of the  d i f fus ion  couple, formation of octahedral  c rys ta l s  
of cobal t  chromite f r o m  the  vapor phase, and formation of small  crys- 
t a l l i t e s  of coba l t  chromite on the  coba l t  oxide f a r  from the  r eac t ion  
i n t e r f a c e  (F ig .  37). 
cobal t  chromite specimens and the  loca t ions  of cool ing cracks,  i . e . ,  
i n  the  chromium oxide and i n  the  sp ine l ,  were the  same as  i n  the  
n i cke l  chromite specimens. 
I n  addi t ion,  t he  frequency of cracking of the  
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2. I n t e r n a l  Features  
The i n t e r n a l  s t r u c  d i n  the  coba l t  chromite experi-  
ments w e r e  genera l ly  similar to  the i n t e r n a l  s t r u c t u r e s  produced i n  
the n i cke l  chromite experiments. However, t he re  were s i g n i f i c a n t  
d i f f e rences .  For example, the  thickness  of the  coba l t  chromite l aye r  
was the same a t  t he  sur face  and wi th in  the  dense, crack-free region 
of the p e l l e t s  (F ig .  38). 
change i n  thickness  from the sur face  t o  the  in s ide  of the n i cke l  
chromite specimens ( s e e  Fig. 12) .  The measured thicknesses  of the 
cobal t  chromite specimens were of the  same order  of magnitude as the  
thicknesses  t h a t  would have formed a t  the  sur faces  of t he  n icke l  
chromite specimens ( f o r  the  same times and temperatures of r eac t ion ) ,  
but were 1 t o  2 orders  of magnitude g rea t e r  than the  i n t e r n a l  s p i n e l  
Th i s  s t r u c t u r e  c o n t r a s t s  with the  rap id  
l aye r s  formed i n  the  n icke l  chromites. 
In  the  coba l t  chromite specimens,there was no evidence of t h i n  
s p i n e l  l aye r  formation a t  dense, crack-free regions of the p e l l e t s .  
I t  i s  a l s o  evident  from Fig.  38 tha t  the  major cracks ( p a r a l l e l  t o  
the r eac t ion  i n t e r f a c e )  formed i n  the  two-phase chromium oxide/cobalt  
chromite layer .  In  general ,  cracks observed a t  t h i s  loca t ion  or 
with in  the  s i n g l e  phase s p i n e l  l aye r  were p a r a l l e l  t o  t he  r eac t ion  
in t e r f ace .  Cracks i n  the  cobal t  oxide were genera l ly  perpendicular 
t o  the  r eac t ion  in t e r f ace .  A more de t a i l ed  s t r u c t u r e  of the  i n t e r n a l  
r eac t ion  i n t e r f a c e  i s  shown i n  Fig.  39. A l l  t h ree  phases, cobal t  
oxide, coba l t  chromite, and chromium oxide, a r e  dense and pore-free 
a f t e r  the reac t ion .  The coba l t  oxide contains  a high concentrat ion 
of f i n e  (approximately 1 p )  p r e c i p i t a t e  p a r t i c l e s  t h a t  w i l l  l a t e r  be 
shown t o  be coba l t  chromite. The i n t e r f a c e  between the  coba l t  oxide 
and the s p i n e l  is  scal loped ( b u t  p lanar  t o  *3 p ) .  
i t s e l f  i s  dense ( w i t h  the  exception of apparent po ros i ty  caused by 
pol i sh ing  damage) and can c l e a r l y  be seen t o  be po lyc rys t a l l i ne .  
Although not evident  i n  Fig.  39, the  g r a i n  s i z e s  of the  s p i n e l  and 
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t he  chromium oxide were the  same. The i n t e r f a c e  between the  s p i n e l  
and the  chromium oxide i s  nonplanar; i n  o the r  a reas  of the specimen, 
i n t e rg ranu la r  pene t ra t ions  of cobal t  chromite i n  the  chromium oxide 
were 40 deep. I n  specimens formed a t  higher temperatures (1500 
versus  13OO0C), the  r eac t ion  i n t e r f a c e  w a s  d i f f e r e n t  only i n  degree. 
Figure 40 shows t h a t  t he  i n t e r f a c e  between the  coba l t  oxide and the  
s p i n e l  is  s t r i c t l y  planar,  and the  p r e c i p i t a t e s  i n  the  cobal t  oxide 
a re  l a r g e r  {approximately 2-4 @ i n  diameter). 
t u r a l  d i f fe rence ,  however, is  the  extensive in t e rg ranu la r  pene t ra t ion  
of the  s p i n e l  i n t o  the  chromium oxide. The pene t ra t ions  by the  
s p i n e l  a r e  t o t a l l y  in te rgranular ,  and the  chromium oxide i s  slowly 
The g r e a t e s t  s t ruc -  
being reac ted  t o  form sp ine l .  A t  t he  highest  temperatures used i n  
these s tudies ,  the  depth of pene t ra t ion  of the  two-phase ( s p i n e l  
p lus  chromium oxide) layer  was equal  to  the  thickness  of the  s ing le-  
phase s p i n e l  layer .  
3. Phase Analvsis and I d e n t i f i c a t i o n  
The prel iminary i d e n t i f i c a t i o n s  of the var ious phases present  
a f t e r  the  r eac t ion  of cobal t  oxide and chromium oxide p e l l e t s  were 
confirmed by a combination of X-ray d i f f r a c t i o n  and e l ec t ron  micro- 
probe techniques.  The r e s u l t s  of the  X-ray d i f f r a c t i o n  measurements 
( s e e  Fig.  41) proved that  t h e  dark layer  between the  s t a r t i n g  oxides 
w a s  coba l t  chromite. The X-ray da ta  d i d  not show s t rong  evidence 
t h a t  the  p r e c i p i t a t e s  i n  the  cobal t  oxide were cobalt chromite, but 
d i d  show t h a t  t he  apparent s p i n e l  thickness  was about 80 ~1 g r e a t e r  
than t h a t  measured o p t i c a l l y .  T h i s  thickness  ind ica t e s  t h a t  the  
p r e c i p i t a t e s  i n  the  cobal t  oxide were chromite. However, t h e  conclu- 
s ion  w a s  t e n t a t i v e  because of the  l imi t a t ions  of t he  experimental 
technique. Qua l i t a t ive  e l ec t ron  microprobe examination with X-ray 
image photographs (F ig .  42) revealed the  chromium and n i cke l  d i s t r i -  
but ion across  the  r eac t ion  in t e r f ace .  These photographs emphasized 
the  i r r e g u l a r  na ture  of the  spinel/chromium oxide in t e r f ace ,  but d id  
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not resolve any chromium-rich regions i n  the  coba l t  oxide, Since 
the  specimens f o r  these  examinations had been formed a t  r e l a t i v e l y  
l o w  temperatures (1235OC), the  s i z e s  of the  p r e c i p i t a t e s  would have 
been near  the  r e so lu t ion  l i m i t s  of the  X-ray image technique. Line 
p r o f i l e  scans across t h e  r eac t ion  l a y e r  (F ig .  43) d i d  show t h a t  
there w a s  s l i g h t  chromium enrichment of t he  cobalt oxide adjacent  
t o  the  s p i n e l  layer .  
These r e s u l t s ,  along w i t h  t he  da t a  to  be presented i n  the  
following sections,proved t h a t  the  p r e c i p i t a t e s  i n  the  cobal t  oxide 
were coba l t  chromite. The X-ray l i n e  p r o f i l e s  of Fig.  43 a l s o  
revealed concent ra t ion  gradien ts  of chromium and cobal t  i n  the 
sp ine l s .  These concentrat ions w i l l  be required f o r  the  comparison 
of t h e o r e t i c a l l y  and experimentally determined parabol ic  r a t e  con- 
s t a n t s .  
4. S ingle  Crys t a l  Experiments and Marker Behavior 
A s  w i t h  the  n icke l  chromite s tud ies ,  experiments w i t h  s i n g l e  
c r y s t a l s  of coba l t  oxide and chromium oxide were performed f o r  com- 
par ison w i t h  the  behavior observed i n  dense, po lyc rys t a l l i ne  speci-  
mens. I n  these  reac t ions ,  s i n g l e  c r y s t a l s  of cobal t  oxide were 
sandwiched between and simultaneously reacted w i t h  dense polycrys ta l s  
and s i n g l e  crystals  of chromium oxide. The s t r u c t u r e  of the  r eac t ion  
i n t e r f a c e  between dense po lyc rys t a l l i ne  chromium oxide and a s ing le  
c r y s t a l  of coba l t  oxide is  shown i n  Fig.  44. From the  backscattered 
e l e c t r o n  and the  X-ray image photographs, i t  i s  evident  t h a t  the  
r eac t ion  i n t e r f a c e  between the  s p i n e l  and the  chromium oxide i s  
highly i r r egu la r ,  and the r eac t ion  i n t e r f a c e  between the coba l t  oxide 
and the s p i n e l  i s  planar .  I t  is  a l s o  evident  t h a t  the  p r e c i p i t a t e s  
i n  t h e  coba l t  oxide s i n g l e  c rys ta l  a r e  chromium r i c h .  X-ray l i n e  
p r o f i l e  measurements (F ig .  45) r evea l  tha t  t he  l a rge  p r e c i p i t a t e s  
extend 200 p i n t o  the  coba l t  oxide, and t h a t  small  p r e c i p i t a t e s  
extend another 100 p. Since these  specimens were formed a t  141OoC, 
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t he  s i z e  of the  p r e c i p i t a t e s  and the i r  depth of pene t ra t ion  i n t o  the  
cobal t  oxide were g r e a t e r  than observed i n  Figs .  39, 41, and 42. 
The apparent chromium content  of the  p r e c i p i t a t e s  shown i n  Fig. 45 
is  only half  t h a t  of the sp ine l ,  s ince  the  small  s i z e  of the prec ip i -  
t a t e  would minimize the  p robab i l i t y  that  the  beam would f u l l y  r e s t  
on a s i n g l e  coba l t  chromite p a r t i c l e  during the  scan. 
The r eac t ions  of s ing le  c r y s t a l s  of coba l t  and chromium oxide 
produced the  same f e a t u r e s  as the  r eac t ions  of po lyc rys t a l l i ne  speci-  
mens. The s i g n i f i c a n t  d i f f e rence  was the  formation of a p lanar  
r eac t ion  i n t e r f a c e  between the  s p i n e l  and the  chromium oxide s ing le  
c r y s t a l .  In  these  experiments the  s p i n e l  l aye r  tended t o  be s i n g l e  
c r y s t a l l i n e  ( as  evidenced by observat ion under polar ized l i g h t ) .  
However, some l a rge  s p i n e l  c r y s t a l s  were observed, p a r t i c u l a r l y  i n  
regions near markers. 
Careful  examination of t he  s i n g l e  c r y s t a l  specimens revealed 
a number of o the r  s t r u c t u r a l  f ea tu re s .  Figure 46 shows a d i s t i n c t  
d i f f e rence  i n  t h e  s i z e  of t he  p r e c i p i t a t e s  i n  the  cobal t  oxide imme- 
d i a t e l y  adjacent  t o  the  s p i n e l  layer  and i n  the  bulk of the  cobal t  
oxide c r y s t a l .  T h i s  20 ~1 wide f ine -p rec ip i t a t e  region next t o  the  
s p i n e l  is  ind ica t ive  of chromium t r anspor t  from t h e  cobal t  oxide 
back toward the  s p i n e l  during cool ing and before p r e c i p i t a t i o n .  
Figure 46 a l s o  shows the  inf luence of a t h i c k  platinum marker 
on the  sp ine l /cobal t  oxide in t e r f ace .  
marker has remained p lanar  during the  r eac t ion  i n  which i t  w a s  buried 
i n  the  cobal t  oxide s ing le  c r y s t a l ,  and t h a t  p r e c i p i t a t e s  have formed 
on both s i d e s  of the  marker. The observed shape of t he  cobal t  oxide/ 
s p i n e l  r eac t ion  i n t e r f a c e  a t  t he  defected markers can r e a d i l y  be 
explained by the  same mechanism proposed f o r  n i cke l  chromite forma- 
t i o n  ( s e e  Fig. 26) .  I t  is  evident  from such an explanat ion t h a t  the  
g r e a t e s t  d i s t ance  between the  s p i n e l  i n t e r f a c e  and the  marker occurs 
I t  i s  apparent t h a t  the  
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FIGURE 46 MICROSTRUCTURE OF COBALT CHROMITE/COBALT OXIDE (Single Crystal) 
REACTION INTERFACE. Platinum marker produces a nonplanar interface. 
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where the  e a r l i e s t  de fec t  appeared i n  the  marker. A s  with t h e  nickel  
chromite experiments, no d i s s o l u t i o n  or disappearance of the  markers 
w a s  observed. 
A q u a l i t a t i v e  proof t h a t  t he re  is  l i t t l e  or no marker dissolu-  
t i o n  i s  given by the  X-ray image photographs of Fig.  47. Further  
evidence t h a t  t he  marker behavior i n  cobal t  chromites was the  same 
as  i n  the  n i cke l  chromites is  furnished by Fig. 48. Early s tages  i n  
the  r eac t ion  of dense, po lyc rys t a l l i ne  specimens a r e  shown i n  which 
in t rus ions  of cobal t  oxide i n t o  the  s p i n e l  have formed at  marker 
defec ts .  These in t rus ions  prove t h a t  chromium is so luble  i n  cobal t  
oxide a t  high temperatures, and t h a t  countercurrent  d i f fus ion  of 
ca t ions  has occurred i n  the  cobal t  oxide during the  r eac t ion  t o  form 
cobal t  chromite. Further,  the  absence of po ros i ty  i n  the  r eac t an t s  
or products i n  s ing le  or po lyc rys t a l l i ne  specimens shows t h a t  a l l  
observat ions should be explainable  i n  terms of ca t ion  and perhaps 
anion t r anspor t .  
F. Cobalt Chromite Formation from Doped Oxides 
A s e r i e s  of experiments were performed with manganese- and 
silicon-doped cobal t  oxides tha t  were reacted with pure chromium 
oxides.  In  these  experiments, s i g n i f i c a n t  impurity e f f e c t s  both on 
the  s t r u c t u r e  and k i n e t i c s  of t he  s p i n e l  r eac t ions  were observed. 
I n  c o n t r a s t  t o  n i cke l  chromite experiments, impurity e f f e c t s  were 
easy t o  separa te .  
1. Manganese-Doped Cobalt Oxide 
The appearance of specimens formed from coba l t  oxide doped with 
1 mole $J manganese oxide was q u a l i t a t i v e l y  the  same a s  the  s t r u c t u r e  
formed with pure cobal t  oxide. 
observed between the  s p i n e l  and the  chromium oxide and p lanar  or 
semi-planar i n t e r f a c e s  between the  s p i n e l  and the  cobal t  oxide. The 
composition of t h e  s p i n e l  formed from manganese-doped cobal t  oxide 
Generally nonplanar i n t e r f a c e s  were 
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i s  shown i n  Fig. 49. The e l e c t r o n  backsca t te r  image i n  t h i s  f i g u r e  
shows a badly f r ac tu red  s p i n e l  layer .  
of gr inding and pol i sh ing  damage, and is  not representa t ive  of the  
genera l  appearance of specimens formed from the  manganese-doped 
coba l t  oxide. The X-ray image photographs show t h a t  q u a l i t a t i v e  
d i s t r i b u t i o n s  of chromium and cobal t  a r e  the  same as i n  previous 
sp ine ls ,  but t h e r e  appears t o  be manganese both i n  the  cobal t  oxide 
and i n  the  sp ine l .  
h i s  f r a c t u r i n g  i s  t h e  r e s u l t  
Quan t i t a t ive  X-ray l i n e  p r o f i l e  scans across  the  r eac t ion  i n t e r -  
f ace  shown i n  Fig.  50 r evea l  tha t  there  a r e  l i n e a r  concentrat ion 
gradien ts  of chromium and coba l t  across  the  s p i n e l  layer ,  and t h a t  
the  p r e c i p i t a t e s  i n  the  cobal t  oxide a r e  chromium r i ch .  A l s o  evident 
i n  Fig.  50a is  the  presence of s p i n e l  i n  the  chromium oxide. T h i s  
s p i n e l  i s  the  r e s u l t  of in te rgranular  pene t ra t ions  i n t o  the  chromium 
oxide. Figure 50b shows t h a t  there  is  a r e l a t i v e l y  f l a t  manganese 
d i s t r i b u t i o n  across  the  s p i n e l  layer ,  and t h a t  there  is manganese i n  
the  s p i n e l  formed on both sides o f t h e  r eac t ion  layer .  For example, 
t he re  is  manganese i n  t h e  s p i n e l  pene t ra t ions  i n  the chromium oxide 
(o f  roughly the  same concentrat ion as i n  the  s p i n e l  layer  i t s e l f ) ,  
and the re  is  a very high concentrat ion of manganese i n  the  s p i n e l  
p r e c i p i t a t e s  i n  t h e  cobal t  oxide. 
I n  view of the  inf luence  of geometry i n  reducing the apparent 
concentrat ions of cons t i t uen t s  i n  the  s m a l l  p r ec ip i t a t e s ,  i t  i s  prob- 
ab le  t h a t  the  t r u e  enrichment of manganese i n  the  p r e c i p i t a t e s  i s  2 
t o  4 times g r e a t e r  than i n  the  single-phase s p i n e l  layer .  T h i s  type 
of composition p r o f i l e  is  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  produced 
i n  the  n icke l  chromites(Fig.  32) and ind ica t e s  t h a t  manganese i n  the  
cobalt oxide segregates  t o  and r e a c t s  w i t h  t ha  incoming chromium ions 
t o  form manganese-rich i s lands .  These composition gradien ts  w i l l  be 
considered i n  the  explanat ion of t he  inf luence of the  e f f e c t s  o f  
manganese on the  s p i n e l  r eac t ion  k i n e t i c s  t o  be described l a t e r .  
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2. Silicon-Doped Cobalt Oxide 
The inf luence of s i l i c o n  addi t ions  on the  k i n e t i c s  and s t r u c t u r e s  
of s p i n e l s  formed by the  r eac t ion  of doped coba l t  oxides and chromium 
oxides was the most dramatic of the  impurity e f f e c t s  observed i n  these 
s tud ie s .  
only increased the  r eac t ion  rates by about 1 t o  2 orders  of magnitude, 
but they  a l s o  produced unusual s t r u c t u r e s  t h a t  w e r e  not observed i n  
any of t he  other specimens. 
The addi t ions  of s i l i c o n  ( a t  the  13 mole $ SiO, l e v e l )  not 
The s t r u c t u r e  of a s p i n e l  l a y e r  formed by the  r eac t ion  of 
silicon-doped cobal t  oxide with pure chromium oxide i s  compared i n  
Fig.  51 w i t h  the  s t r u c t u r e  produced by the  Reaction of manganese-doped 
cobal t  oxide w i t h  pure chromium oxides.  I t  i s  evident t h a t  t he re  i s  
a g r e a t  d i f f e rence  i n  thickness  of the  two layers ,  which were grown 
simultaneously.  More important, however, i t  i s  evident t h a t  the  
s p i n e l  l aye r  i s  d i s t i n c t l y  two-phase. The l aye r  appears t o  cons i s t  
of la rge  c r y s t a l s  of s p i n e l  and poros i ty .  T h i s  poros i ty  i s  not r ea l ,  
however; i t  is  the  r e s u l t  of the  o p t i c a l  p rope r t i e s  of a g lassy  phase 
i n  the  layer .  
I t  is  a l s o  evident  from Fig. 5 1  t h a t  the i n t e r f a c e s  between the  
s p i n e l  l aye r  and t h e  chromium oxide and coba l t  oxide a re  e s s e n t i a l l y  
planar .  The p l a n a r i t y  of t he  r eac t ion  f r o n t  a t  t he  chromium oxide is 
g r e a t e r  than a t  t he  cobal t  oxide, i nd ica t ing  t h a t  the  s p i n e l  i s  
growing by pene t ra t ion  of chromium i n t o  the  cobal t  oxide. A t  higher 
magnif icat ion (F ig .  52), the  s t r u c t u r e  of the  la rge  s p i n e l  c r y s t a l s  
i n  a dark matr ix  phase is  c l e a r l y  evident .  The very sharp c r y s t a l  
f aces  of the  sp ine l s  and the  apparent wet t ing by the  matr ix  phase 
suggest that  the  c r y s t a l s  a r e  growing i n  a l i q u i d  or semiliquid phase. 
Q u a l i t a t i v e  X-ray image photographs of t h e  silicon-doped cobal t  
oxides  (F ig .  53) show t h a t  there  is  l i t t l e  or no s i l i c o n  i n  the  chro- 
mium oxide, but there  is a high concentrat ion of s i l i c o n  i n  the  t w o -  
phase s p i n e l  layer .  T h i s  s i l i c o n  i s  concentrated a t  the  boundaries 
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of the  la rge  s p i n e l  c r y s t a l s ,  and not wi th in  t h e  c r y s t a l s  themselves. 
The matr ix  phase i n  the  s p i n e l  l aye r  appeared t o  be the  same as  the  
coba l t  s i l i c a t e  phase i n  the  cobal t  oxide. Samples of the  two-phase 
s p i n e l  l aye r  were c a r e f u l l y  removed and examined by X-ray d i f f r a c t i o n ;  
the  r e s u l t s  of these  measurements showed t h a t  only cobal t  chromite 
(CoCr,O,) and coba l t  o r t h o s i l i c a t e  (Co,Si04) were present .  
G. Kine t ics  of Cobalt Chromite Formation 
Prel iminary measurements were made of the  inf luence of time a t  
temperature on the  thickness  of coba l t  chromite layers .  Figure 54 
shows t h a t  there  i s  a l i n e a r  r e l a t i o n  between the  square of the  s p i n e l  
thickness  and t i m e .  These observat ions confirmed e a r l i e r  reported 
r e s u l t s  t h a t  t he  cobal t  chromite r eac t ion  r a t e  was d i f fus ion  con- 
t r o l l e d  and was described by a parabol ic  r a t e  constant .  A s  wi th  the  
n icke l  chromite reac t ions ,  the  cobal t  chromite r a t e  cons tan ts  were 
ca l cu la t ed  from measured d a t a  and equations 11 or 40. In  addi t ion  
the  da t a  of Fig.  54 revealed a s i g n i f i c a n t  d i f f e rence  between the  
r eac t ion  r a t e  of the  coba l t  chromite s p i n e l  formed from pure cobal t  
oxide and the  s p i n e l  formed from manganese-doped cobal t  oxide. This 
d i f f e rence  i n  r a t e  constant  w a s  observed a t  a l l  r eac t ion  temperatures.  
A s  w a s  s t a t e d  e a r l i e r ,  there  were no s i g n i f i c a n t  d i f fe rences  i n  the  
r eac t ion  r a t e s  f o r  cobal t  chromite a t  the  su r face  of the  specimen or 
with in  the  bulk of the  specimen. Therefore, only da t a  from which 
r a t e  cons tan ts  could be determined were the  average thickness  of the  
s p i n e l  l aye r  and the  d is tance  of the  cobal t  chromite/cobalt  oxide 
i n t e r f a c e  from the  marker. These measurements were sparse,  but they 
were s u f f i c i e n t  t o  e s t a b l i s h  an important t rend .  
The temperature dependence of t he  parabol ic  r a t e  cons tan ts  f o r  
coba l t  chromite formation a r e  shown i n  Fig. 55. I t  i s  immediately 
evident  from t h i s  f i g u r e  t h a t  t he re  w a s  much l e s s  s c a t t e r  i n  the  da t a  
than f o r  n i cke l  chromite. I n  addi t ion,  it is  evident  t h a t  t he re  was 
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a significant impurity effect, the high purity specimens having rate 
constants intermediate between the rate constants for manganese-doped 
specimens and rate constants f o r  silicon-doped specimens. 
The spinel formation rate from silicon-doped specimens can be 
from 10 to 20 times greater than that from manganese-doped specimens. 
In addition, the rate constants determined from the reactions of high- 
purity single crystalline specimens were consistent with the rate con- 
stants determined from dense polycrystalline specimens. These data 
show that the experiments are representative of true solid-state reac- 
tions rather than vapor-phase reactions. Also shown in Fig. 55 are 
the rate constants determined from the motion of the interface with 
respect to the markers from the single crystal experiments. The rate 
of interface migration is an order of magnitude slower than the rate 
of spinel formation. These results point to a difference between the 
mechanisms of spinel formation of cobalt chromites and the nickel 
chromites. 
Least squares fits through the plots of Fig. 55 resulted in the 
following Arrhenius equations f o r  cobalt chromite formation and inter- 
face migration: 
COO (high purity) 
k = 1.03 x exp (-42.6 x 103/RT) 
P 
COO- lMn0 
k = 2.96 x exp (-49.8 x 103/RT) 
P 
Coo- 1Si0, 
k c 4.87 exp (-71.5 x 103/RT) 
P 
Interface migration, high-purity single crystals 
k = 4.59 exp (-19.3 x 103/RT) 
P 
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V DISCUSSION 
A. Nickel Chromite Formation 
A number of e f f e c t s  have been observed i n  t h i s  work t h a t  have not 
been reported previously,  and that  help descr ibe the  mechanism of 
nickel-chromite formation. These e f f e c t s  a re :  marker behavior, s p i n e l  
d i s s o l u t i o n  and p r e c i p i t a t i o n  i n  n icke l  oxide, and s p i n e l  growth a s  a 
func t ion  of loca t ion  within the  specimen. The explanat ions f o r  these 
e f f e c t s  and t h e i r  inf luence on t h e  mechanisms and k i n e t i c s  of n icke l  
chromite w i l l  be discussed. 
1. Marker Behavior 
I n  the  present  experiments the  platinum or i r id ium markers were 
always found a t  the  n i cke l  oxide/spinel  i n t e r f a c e  or buried wi th in  the  
n i cke l  oxide.  T h i s  was t r u e  f o r  dense po lyc rys t a l l i ne  or s ing le  crys- 
t a l l i n e  or s i n g l e  c r y s t a l l i n e  specimens. The only exception t o  t h i s  
behavior w a s  the  loca t ion  of platinum marker wi th in  the  s p i n e l  layer  
when the  s p i n e l  was grown from chromium-saturated n i cke l  oxide. The 
observed e f f e c t s  a r e  explained a s  follows. 
Thick platinum markers (-= 6 p) were genera l ly  found a t  the  
After extended r eac t ion  times, de fec t s  n i cke l  oxide/spinel  i n t e r f ace .  
would appear i n  the  marker t h a t  would lead t o  the  formation of chro- 
mium-rich n icke l  oxide in t rus ions  i n t o  the  chromium oxide (F igs .  17- 
19) . Similar ly ,  the  n i cke l  oxide/spinel  i n t e r f a c e  always moved toward 
the  chromium oxide half  of the  d i f f u s i o n  couple with respect  t o  the 
t h i c k  marker (F ig .  20).  Thin markers (CZ 2 p m )  i n  the  i n i t i a l  forms 
of f o i l s  or powder were observed t o  remain i n  alignment a f t e r  the  
reac t ion .  The t h i n  f o i l s  agglomerated t o  form d i s c r e t e  p a r t i c l e s ,  but 
d i d  not become misaligned during the  r eac t ions  (F igs .  14, 15) .  Since 
a l l  the d i s c r e t e  p a r t i c l e s  do not form from the t h i n  markers a t  the  
13 9 
same t i m e ,  t he i r  alignment i n d i c a t e s  that  t he re  is  l i t t l e  ( i f  any) 
marker motion, and t h a t  the  n icke l  oxide/nickel  chromite i n t e r f a c e  
moves with respec t  t o  the  markers. 
I n  these s t u d i e s  there w a s  no evidence of marker "attack" or 
d i s so lu t ion  (F ig .  17) even a f t e r  prolonged exposures a t  high tem- 
pera tures  (150 hours a t  152OOC). Oxidation or loss of markers w a s  
observed when the  markers were exposed t o  a i r  ( i . e . ,  were s t i c k i n g  
out  from the  i n t e r f a c e s  of stacked p e l l e t s ) .  These observations,  
therefore ,  suggest t h a t  t he  marker attack reported by Lindner and 
Akerstromg and by Schmalzried" w a s  t h e  r e s u l t  of oxidat ion and 
v o l a t i l i z a t i o n  of the  platinum markers by a i r  through t h e i r  porous 
specimens. When a i r  i s  excluded by dense specimens, marker a t t ack  
or d i s s o l u t i o n  w i l l  not occur. 
2. Nickel Chromite P r e c i p i t a t i o n  
Throughout these  experiments there w a s  evidence of second-phase 
p r e c i p i t a t i o n  i n  n icke l  oxide a f t e r  s p i n e l  reac t ions .  T h i s  p rec ip i -  
t a t i o n  occurred i n  high-purity, commercial-purity, or manganese-doped 
n i cke l  oxide (F igs .  4, 13, 14, 15, 16, 21) and i n  dense polycrys ta l -  
l i n e  or s i n g l e  c r y s t a l l i n e  specimens (F igs .  22, 24) .  These p rec ip i -  
t a t e s  were found t o  be n icke l  chromite by a combination of X-ray 
d i f f r a c t i o n  (F ig .  16) and e l ec t ron  microprobe (F igs .  24 and 25) 
techniques.  Further ,  the  same Widmanstatten p r e c i p i t a t e  s t r u c t u r e  
could be dupl ica ted  by r eac t ing  a powder mixture of N i 0 - 1 3  w t  $I Cr,O, 
a t  140OOC and cool ing t o  room temperature (F ig .  29) .  
therefore ,  show tha t  there i s  extensive s o l u b i l i t y  of chromium (of 
the  order  of 10%) i n  n icke l  oxide a t  temperatures g r e a t e r  than 12OO0C, 
and expla in  t h e  non-uniform shrinkage of chromium oxide p e l l e t s  a t  
the r eac t ion  i n t e r f a c e  (F ig .  Sa) .  
These data ,  
T h i s  s o l u b i l i t y  has not been reported previously.  However, 
analogous s o l u b i l i t y  and p r e c i p i t a t i o n  of FeCr,O, i n  FeO ( i n  oxide 
sca l e s  formed on i r o n  chromium a l loys )  has been reported by M ~ r e a u . ~ '  
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The p r e c i p i t a t i o n  of n i cke l  chromite the re fo re  r e su l t s  from the  
d i s s o l u t i o n  of C r 3 +  from t h e  n i cke l  chromite r e a c t i o n  l a y e r  and 
d i f f u s i o n  i n t o  the  n i cke l  oxide. A s  can be seen i n  Figs.  23 and 
25, t h e  d i f f u s i o n  of C r 3 +  i n  n i cke l  oxide i s  f a s t :  
chemical d i f f u s i o n  c o e f f i c i e n t  f o r  C r 3 +  i s  of the  order  of 
lo" cm2/sec, which i s  s imi l a r  t o  the se l f -d i f fus ion  c o e f f i c i e n t  
of 3 x lo-' cm2/sec f o r  N i 2 +  i n  n i cke l  oxide.3,35,36 
be noted t h a t  d i f f u s i v i t y  of Cr3" i n  n i cke l  oxide i s  of the  same 
order  of magnitude as i n  n i cke l  c h r o m i t e . g ~ 1 0 ~ 1 2  Consequently the  
growth of t he  s p i n e l  l aye r  w i l l  be s t rong ly  influenced by chromium 
d i s s o l u t i o n  i n  n i cke l  oxide. This  w i l l  be discussed i n  more d e t a i l .  
a t  141OoC the  
I t  should 
3. Spinel  Growth Mechanisms and Kinet ics  
A s  was shown i n  sec t ion  I V  (F ig .  ll), the  thickness of t h e  
n i cke l  chromite r eac t ion  product i s  highly dependent on l o c a l  
environmental and s t r u c t u r a l  va r i ab le s  i n  the  r eac t ing  p e l l e t s .  
A t  p e l l e t  corners  or cracks (which a re  exposed t o  a i r )  the  s p i n e l  
l aye r  i s  very t h i c k  (F igs .  12, 21, 24), while a t  dense, crack-free 
regions, the  s p i n e l  i s  very t h i n  (F igs .  12, 13, 21, 22) .  A t  
dense, crack-free locat ions t h a t  contain t h i c k  platinum markers, 
t h e  s p i n e l  l aye r  is  intermediate i n  thickness (F ig .  13a). The 
l a t t e r  pheonomenon has been explained on the  b a s i s  of i nh ib i t ed  
d i s s o l u t i o n  of the  n i cke l  chromite l a y e r  by n i cke l  oxide ( s e e  
Sect ion IV-B-4). The n i cke l  chromite l aye r  i n  Fig. 13a the re fo re  
represents  s p i n e l  formation by N i 2 +  t r anspor t  through the  platinum 
marker and through the  s p i n e l  l aye r  and r eac t ion  a t  the  chromium 
oxide i n t e r f a c e .  This t r anspor t  may be balanced by countercurrent 
d i f f u s i o n  of C r 3 f  through the  s p i n e l  and d i s s o l u t i o n  i n  n i cke l  
oxide 
The mechanism of n i cke l  chromite formation a t  dense, crack- 
f r e e  regions of t h e  specimen can be determined from the  e l e c t r o n  
microprobe d a t a  of Fig. 23. A s  i s  shown i n  Fig. 22, t he  s p i n e l  
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l aye r  thickness  formed between s i n g l e  c r y s t a l  n i cke l  oxide and chro- 
mium oxide is  approximately 6 g. In addi t ion,  the  marker was buried 
i n  the  n i cke l  oxide s i n g l e  c r y s t a l  a t  a d is tance  of 56 p from the  
n i cke l  oxide/nickel  chromite in t e r f ace .  By measuring the  a r e a  under 
Cr Q penet ra t ion  curve i n  the  n i cke l  oxide, and d iv id ing  by the  
Cr Kcy i n t e n s i t y  f o r  n i cke l  chromite (determined by comparison with 
Fig.  32) ,  a dissolved s p i n e l  layer  thickness  of 75 p was determined. 
From these measurements (F ig .  56) ,  the  r a t i o  of t he  s p i n e l  thickness  
on the  n icke l  oxide s i d e  of the  markers t o  the  s p i n e l  thickness  on 
the  chromium oxide s i d e  was determined t o  be 1:3.06, i n  exce l l en t  
agreement with the  Wagner mechanism of countercurrent  d i f fus ion  of 
Cr3+ and N i 2 + .  
v iously)  t h a t  t he  markers remain s ta t ionary ,  and t h a t  the  n icke l  
oxide/nickel  chromite r eac t ion  i n t e r f a c e  moves toward the  chromium 
oxide half  of the  d i f f u s i o n  couple. 
This  r e s u l t  a l s o  supports  o the r  da t a  (descr ibed pre- 
The v a l i d i t y  of the  Wagner mechanism i n  n i cke l  chromite forma- 
t i o n  was a l s o  confirmed by the  experiment with the  chromium-saturated 
n icke l  oxide ( s e e  sec t ion  IV-B-6). 
marker pos i t i on  was approximately centered i n  the  n icke l  chromite 
layer  when the  chromium-saturated n i cke l  oxide w a s  reacted with dense 
chromium oxide. 
the  d is tance  from the  n i cke l  oxide t o  the chromium oxide) can be 
explained on the  bas i s  of the  poros i ty  of the  n i cke l  oxide. Vapori- 
za t ion  of chromium oxide through pores i n  the n i cke l  oxide could 
have grown some s p i n e l  from both s i d e s  of the  marker, u n t i l  the  
s p i n e l  l aye r  became dense enough t o  prevent f u r t h e r  vapor t ranspor t .  
This experiment shows t h a t  the  r e a c t i o n  mechanism can be determined 
by markers i f  s o l u b i l i t y  problems a re  compensated. 
A s  was shown i n  Fig.  30, the  
The exact  pos i t i on  of the  marker (1/2 r a t h e r  than 1/4 
If these  experiments did indeed prove t h a t  t h e  Wagner mechanism 
was operat ive,  t he  k i n e t i c  da t a  determined i n  t h i s  study (F ig .  35 
and 36) should compare w e l l  wi th  the  t h e o r e t i c a l  t reatments  and o the r  
measurements. The r a t e  da t a  determined i n  t h i s  s tudy and the  r a t e  
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da ta  of Socke126 and Lindner and Akerstromg a re  compared i n  Fig.  57. 
I t  is  apparent t h a t  t h e i r  d a t a  a r e  i n  exce l l en t  agreement with the  
l e a s t  squares f i t  of the  da t a  i n  t h i s  study. However, t h e i r  da t a  
agree with sur face  s p i n e l  growth r a t e s  ( p o s i t i o n  A, Fig. 11) and not 
the  i n t e r n a l  s p i n e l  growth r a t e s .  This agreement i s  f u r t h e r  proof 
of the  po ros i ty  of t h e i r  specimens, and the  inf luence of vapor-phase 
t r anspor t  on t h e i r  measurements. 
Comparisons of the  measured s p i n e l  formation r a t e s  with t h e  
Wagner-Schmalzried theory were made by using equat ion 39. Data used 
f o r  t h i s  comparison (and f o r  subsequent comparison of cobal t  chromite 
formation with theory) a re  shown i n  Table 11. 
formation were taken from Tretjakow and Schmalzried,23 and values of 
Z and N were chosen on the  b a s i s  t h a t  the d i f f u s i o n  r a t e s  of N i 2 +  
and Co2+ con t ro l  s p i n e l  formation i n  t h e i r  respec t ive  sp ine l s .  This 
i s  b a s i c a l l y  cor rec t ,  because the  d i f f u s i v i t i e s  of N i 2 "  and Co2' a r e  
l e s s  than t h a t  of C r 3 +  over the  temperature range of i n t e r e s t .  
Values of c ( t h e  equivalent  concentrat ion)  were ca l cu la t ed  by mul t i -  
p lying the  molar concent ra t ion( in  gram moles pe r  cubic cent imeter)of  
N i 2 +  or Co2' by 2.  
the  molar volume of each s p i n e l  by 2. This equiva len t  volume i s  
equal  t o  the  volume of s p i n e l  t h a t  would form when 1 gm equivalent  
of the  ion  (which con t ro l s  the r eac t ion  rate) is  t ransported through 
the  r eac t ion  layer .  
l e n t s  r eac t s ,  i t  forms 1 molar volume ( 2  equivalent  volumes) of 
sp ine l .  This  d i scuss ion  may belabor the  de f in i t i ons ,  but i t  i s  
necessary s ince  the re  is  confusion i n  the  c a l c u l a t i o n  and use of 
these terms.25 
i n  n icke l  chromite a re  those of Lindner and Akerstrorn;l1 however, the  
same authors  have a l s o  reported d i f f u s i o n  c o e f f i c i e n t s  1 order  of 
magnitude smaller .  ' J  l2 
s ion  c o e f f i c i e n t s  t o t a l l y  con t ro l  the  values of k . 
The f r e e  energies  of 
A A 
T 
N 
A 
Equivalent volumes were ca lcu la ted  by d iv id ing  
Consequently, when 1 gm mole of Ni2+(2 gm equiva- 
The p re fe r r ed  values f o r  the d i f f u s i v i t i e s  of N i 2 +  
A s  would be expected, the  values of the  d i f fu-  
For example, a t  
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( T  E 14OO0C) the  parabol ic  r a t e s  constant  equals  1.2 DNi. 
temperatures (12OO0C), k equals0.45 DNi. 
t he  parabol ic  r eac t ion  r a t e s  using both s e t s  of Lindner d i f f u s i o n  
d a t a  a r e  a l s o  shown i n  Fig. 57. The t h e o r e t i c a l  r a t e s  determined by 
using one s e t  of from Table 2 compare reasonably wel l  with 
the  d a t a  obtained i n  t h i s  study and by others.', 2 6  The t h e o r e t i c a l  
curve determined by using l a t e r  d a t a  ( t h e r e f o r e  l i s t e d  as  prefer red  
da ta  i n  Table 2)  i s  lower than t h e  experimental curve by a f a c t o r  of 
7. Although Lindner reported t h i s  e a r l i e r  s e t  of da t a  seve ra l  
t i m e ~ , ' , ' ~ , ~ ~ i t  is  l i k e l y  t h a t  t he  more r e l i a b l e  N i 2 +  d i f fus ion  da ta  
f o r  n icke l  chromite a re  the  l a t e r  da t a  of Lindner and Akerstrom.ll 
A t  lower 
The t h e o r e t i c a l  values  f o r  
P 
Consequently, the  apparent agreement between the experimental 
and t h e o r e t i c a l  n i cke l  chromite formation r a t e s  a re  f o r t u i t o u s .  This 
statement i s  supported by the  following f a c t s .  The theory w a s  devel- 
oped to  apply t o  the  formation of dense, defec t - f ree  r eac t ion  product 
layers ,  while the  experimental measurements were made with porous 
specimens or dense specimens whose sur faces  were exposed t o  a i r  ( a s  
i n  t h i s  s tudy) .  The formation of these l aye r s  was therefore  influenced 
by vapor t ranspor t  through pores i n  the  s t a r t i n g  oxides.  I n  addi t ion,  
the  experimental  r a t e s  f o r  sur face  s p i n e l  formation a r e  s i g n i f i c a n t l y  
l e s s  than they should be, because of chromium d i s s o l u t i o n  i n  the  n icke l  
oxide. I f  chromium d i s s o l u t i o n  i s  prevented by doping the  n icke l  
oxide with chromium ( a s  shown i n  Fig.  35) ,  the  s p i n e l  layer  i s  5 times 
th i cke r  than the  normal experimental  r a t e  f o r  sur face  s p i n e l  formation. 
Consequently, the  t r u e  sur face  r eac t ion  r a t e s  should be (and a r e )  
s i g n i f i c a n t l y  f a s t e r  than t h e  measured r a t e s .  Therefore, the  theory, 
which does not account f o r  vapor t ranspor t  through pores and disso-  
l u t i o n  of one component of the  s p i n e l  by the  o t h e r  reac tan t ,  should 
not agree with the  measured r a t e s  i n  which these  e f f e c t s  p reva i l .  I f  
such agreement i s  found, i t  i s  f o r t u i t o u s  and misleading. 
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T h i s  same reasoning expla ins  the  very slow formation r a t e s  of 
t he  i n t e r n a l  s p i n e l  observed i n  t h i s  study. A s  can be seen i n  Fig. 57, 
even the  lower of t he  two t h e o r e t i c a l l y  determined curves is about two 
orders  of magnitude g r e a t e r  than the curve f o r  i n t e r n a l  s p i n e l  forma- 
t i on .  T h i s  means t h a t  the  growth of the  i n t e r n a l  s p i n e l  l aye r  is  
con t ro l l ed  by a mechanism o the r  than d i f f u s i o n  across  the  s p i n e l  layer .  
T h i s  mechanism is  probably countercurrent  d i f f u s i o n  of N i 2 +  and Cr3+  
i n  the  n i cke l  oxide.  
However, s ince  the  i n t e r n a l  s p i n e l  layers  only form i n  dense, 
crack-free regions of the  specimen, t h e i r  r a t e s  of growth should com- 
pare wel l  w i t h  the  co r rec t  t h e o r e t i c a l  r a t e s .  T h i s  statement only 
appl ies  i f  the  chromium d i s so lu t ion  i n  the  specimen is  accounted f o r  
i n  the  c a l c u l a t i o n  of the  r a t e  constant .  For example, i n  Fig. 22 i t  
was shown t h a t  the  apparent s p i n e l  layer  formed between s i n g l e  c r y s t a l s  
of n icke l  oxide and chromium oxide was only 6 p th ick .  However, micro- 
probe t r ave r ses  showed t h a t  the  equivalent  of 75 ~1 of s p i n e l  had d i s -  
solved i n  the n icke l  oxide c r y s t a l  (F ig .  56). Consequently, the  t rue  
r a t e  of  s p i n e l  formation should be ca lcu la ted  on the  bas i s  of a t o t a l  
s p i n e l  thickness  of 8 l p .  I f  t h i s  i s  done, the  parabol ic  r eac t ion  r a t e  
constant  i s  increased from 3.5 x t o  4.3 x cm2/sec, and i s  
i n  reasonable agreement w i t h  the  t h e o r e t i c a l  r a t e  ca lcu la ted  from the  
prefer red  d i f fus ion  da ta .  
These arguments form the  basis f o r  t he  following model of nickel 
chromite s p i n e l  formation. The model i s  simple, and is supported by 
the  experimental da t a .  
In t e rna l ,  or so l id - s t a t e ,  n icke l  chromite formation occurs by the  
countercurrent  d i f f u s i o n  of N i 2 +  and Cr3+  through the  sp ine l ,  and more 
importantly,  through the  n icke l  oxide. The r a t e  of s p i n e l  growth i s  
cont ro l led  by the  r a t e  of chromium d i s s o l u t i o n  and d i f fus ion  i n  the  
n icke l  oxide.  T h i s  model explains  ( a )  s p i n e l  p r e c i p i t a t i o n  i n  NiO; 
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( b )  marker e f f e c t s ,  including i n t r u s i o n  formation a t  marker defects ,  
and t h i c k  sp ine l  formation a t  t h i ck  markers; ( c )  i n t e r n a l  s p i n e l  
thickness;  and ( d )  t he  motion of the  s p i n e l  layer with respec t  t o  the  
markers. With respec t  t o  the  s p i n e l  motion, i t  should be emphasized 
t h a t  the  i d e n t i c a l  a c t i v a t i o n  energ ies  f o r  i n t e r f a c e  migrat ion and 
i n t e r n a l  s p i n e l  growth ind ica t e  t h a t  both processes a re  cont ro l led  
by the  same mechanism, which i s  Cr3+  and N i 2 +  d i f f u s i o n  i n  n icke l  
oxide. 
Surface s p i n e l  formation a l s o  occurs by a modified Wagner mecha- 
nism i n  which s p i n e l  d i s s o l u t i o n  i s  opera t ive .  The high growth r a t e s ,  
however, suggest t h a t  another process,  such a s  rap id  t r anspor t  of 
Cr3+  through the  s p i n e l  l aye r  and oxygen t r anspor t  through the gas 
phase, could a l s o  be operat ive.  This type of e f f e c t ,  when combined 
with the  Wagner mechanism, w i l l  expla in  (a) t h i c k  s p i n e l  formation 
a t  specimen sur faces  or within porous specimens, ( b )  th ick  s p i n e l  
formation a t  cracks i n  the  chromium oxide, and ( c )  the  loca t ion  of 
the platinum marker halfway i n  t h e  s p i n e l  l aye r  a f t e r  the  r eac t ion  
of chromium-saturated n icke l  oxide with chromium oxide (F ig .  30). 
This mechanism may a l s o  p a r t i a l l y  explain the  nonplanar d i f f u s i o n  
i n t e r f a c e s  a t  the  spinel/chromium oxide boundaries. In  t h i s  case, 
acce le ra ted  formation of s p i n e l  a t  chromium oxide g ra in  boundaries 
may be favored by the  higher d i f f u s i v i t i e s  of 0'- a t  these s i t e s .  
4. Impur i ty  E f fec t s  
Only q u a l i t a t i v e  s ta tements  w i l l  be made concerning the  inf luence 
of impur i t ies  on the  mechanism of s p i n e l  formation. There a r e  t w o  
reasons f o r  t h i s .  F i r s t ,  t h i s  is  the  f i r s t  experimental  s t u d y  i n  
which these e f f e c t s  have been considered. Second, the  systems s tudied 
are more complex than normal s p i n e l s  with respec t  t o  phase s t ruc tu re ,  
defec t  s t ruc tu re ,  and thermodynamic d e f i n i t i o n .  '* 
t h i s  s tage  of understanding, only q u a l i t a t i v e  d iscuss ion  i s  j u s t i f i e d .  
Consequently a t  
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A s  Fig. 35 shows the  addi t ion  of 1 mole $I manganese oxide t o  
n i cke l  oxide d i d  not s i g n i f i c a n t l y  a f f e c t  the  r a t e  of formation of 
n icke l  chromite. This  conclusion must be qua l i f i ed ,  however, by the  
f a c t  t h a t  experimental  s c a t t e r  would obscure small d i f f e rences  i n  
parabol ic  r a t e  cons tan ts .  Although no e f f e c t s  w e r e  observed i n  the  
r a t e  constants ,  s i g n i f i c a n t  manganese enrichment i n  the s p i n e l  w a s  
observed (Fig.  32). The concentrat ion r a t i o  (by  weight) of manganese 
i n  the  chromite t o  manganese i n  t h e  n i cke l  oxide was z 3.5:l. That 
is, the  weight percentage of manganese oxide i n  n i cke l  chromite was - 3.5 times the  weight percentage of manganese oxide i n  the  s t a r t i n g  
n icke l  oxide,  T h i s  higher concentrat ion (by weight) i s  equivalent  
t o  a molar concent ra t ion  of - 1 mole '$ manganese oxide per  mole of 
n icke l  chromite. I t  is  concluded t h a t  manganese d i f f u s i o n  occurred 
from the  n icke l  oxide i n t o  the  n i cke l  chromite s u f f i c i e n t  t o  en r i ch  
the  s p i n e l  t o  the  l e v e l  of 1 mole '$ manganese oxide. 
a c t i v i t y  of manganese oxide i n  n i cke l  oxide and n i cke l  chromite a t  
the  n i cke l  oxide/nickel  chromite i n t e r f a c e  must be the same, and 
s i n c e . t h e  mole f r a c t i o n s  of manganese oxide i n  both phases a r e  the  
same, the  a c t i v i t y  c o e f f i c i e n t  of manganese oxide i n  n icke l  oxide 
must be the same as i n  n i cke l  chromite. 
Since the  
A q u a l i t a t i v e  explanat ion f o r  the  enrichment of manganese i n  
the  s p i n e l  can be based on the  poly-valent c h a r a c t e r i s t i c s  of the  
ions.  Manganese can e s i s t  e i t h e r  as MnO(Mn2f) or Mn,0,(Mn3+) 
and can form i t s  own s p i n e l  Mn,O, i n  which i t  e x i s t s  i n  two valence 
s t a t e s .  '9 42 Consequently, t h e  manganese ions can comfortably f i t  
i n  both oc tahedra l  and t e t r a h e d r a l  s i t e s  i n  the  s p i n e l  lat t ice.  
Therefore, the  r eac t ion  of 1 mole of n i cke l  oxide t o  form 1 mole 
of n icke l  chromite produces three  t imes the  i n i t i a l  number of s i t e s  
i n  which the  manganese ion  can f i t .  The observed manganese enrich-  
ment can thus  be explained by the  f i l l i n g  of these new sites. 
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The inf luence of s i l i c o n  on the mechanism of n i cke l  chromite 
formation was d i f f i c u l t  t o  assess. The only s ta tements  t h a t  can be 
made regarding these  experiments are: (a) the r eac t ion  i n t e r f a c e  
cons is ted  of t w o  phases, chromium oxide and n i cke l  chromite; ( b )  there  
w a s  no evidence of n i cke l  o r t h o s i l i c a t e  i n  t h i s  layer;  and ( c )  i f  the  
s p i n e l  l aye r  thickness  was cor rec ted  f o r  chromium oxide content,  the  
parabol ic  r eac t ion  r a t e  constant  would be e s s e n t i a l l y  the  same as f o r  
s p i n e l  formation f r o m  pure or  manganese-doped n icke l  oxide. 
B. Cobalt Chromite Formation 
A number of e f f e c t s  were observed i n  the  formation of cobal t  
chromite which have not been reported previously.  Many of these 
e f f e c t s  ( i nc lud ing  marker behavior and s p i n e l  d i s so lu t ion )  were the  
same as  those observed i n  n icke l  chromite formation, whi le  o the r  
e f f e c t s  ( s p i n e l  growth a s  a func t ion  of l oca t ion  i n  the specimen and 
inf luence of impur i t ies )  were s i g n i f i c a n t l y  d i f f e r e n t .  
1. Marker Behavior 
I n  these s t u d i e s ,  platinum markers were always buried i n  the  
cobal t  oxide (F igs .  46,47) or a t  the  cobal t  oxide/cobalt  chromite 
r eac t ion  i n t e r f a c e  (F ig .  48) a f t e r  reac t ion .  T h i s  was t r u e  f o r  the  
r eac t ion  of 92% dense (po lyc rys t a l ine )  coba l t  oxide and 100% dense 
( s i n g l e  c r y s t a l l i n e )  cobal t  oxide w i t h  100% dense ( p o l y c r y s t a l l i n e )  
chromium oxide. Further ,  the  markers remained aligned during the  
s p i n e l  react ion,  and were not a t tacked (F igs .  46, 47) or dissolved 
a s  reported e a r l i e r .  
The cobal t  chromite d i s s o l u t i o n  and coba l t  oxide in t rus ion  for- 
mation a t  marker de fec t s  c l e a r l y  explains  the  formation of nonplanar 
coba l t  oxide/cobalt  chromite i n t e r f a c e s  a t  marker locat ions,  and shows 
t h a t  the  markers remain s t a t i o n a r y  while the  i n t e r f a c e  moves toward 
the  chromium oxide half  of the  d i f f u s i o n  couple. 
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2 .  Cobalt Chromite P r e c i p i t a t i o n  
The marker s t u d i e s  proved t h a t  chromium dissolved i n  the  cobal t  
oxide, while a combination of X-ray d i f f r a c t i o n ,  e l e c t r o n  microprobe, 
and microscopy techniques (F igs .  41, 44-47) proved t h a t  t h i s  dissolved 
chromium prec ip i t a t ed  a s  coba l t  chromite i n  the  coba l t  oxide on 
cooling. 
i n  cobal t  oxide, although i t  i s  not  a s  extensive a s  the  chromium 
s o l u b i l i t y  i n  n icke l  oxide: 
order  of 5 w t  '$ chromium oxide. 
non-uniform shrinkage of the  chromium oxide a t  t he  r eac t ion  i n t e r f a c e  
These d a t a  showed t h a t  t he re  is  s o l i d  s o l u b i l i t y  of C r 3 +  
a t  temperatures of 13OO0C, i t  is  of the 
This  s o l u b i l i t y  a l s o  expla ins  the  
Figs.  37a, 38) .  
3. Spinel  Growth Mechanisms and Kine t ics  
The thickness  of the  cobal t  chromite r eac t ion  l aye r  was not  
dependent on the  l o c a l  environmental and s t r u c t u r a l  f ea tu re s  i n  the  
reac t ions  zone ( F i g .  38 ) .  The thickness  of the  s p i n e l  layer  a t  t he  
cen te r  of the  p e l l e t s  and a t  the  p e l l e t  sur faces  was constant .  This 
could be in t e rp re t ed  t o  mean t h a t  vapor t r anspor t  e f f e c t s  influenced 
the  r e a c t i o n  a t  t he  specimen sur face  and in s ide  the  specimen. However, 
the  very good agreement between the  parabol ic  r eac t ion  r a t e  constant  
f o r  po lyc rys t a l l i ne  and s i n g l e  c r y s t a l l i n e  specimens (F ig .  55) suggests 
t h a t  t h i s  i n t e r p r e t a t i o n  i s  not co r rec t .  Further ,  t he  f u l l y  dense 
s t r u c t u r e  i n  t h e  two-phase cobal t  chromite + chromium oxide p a r t  of 
Fig.  40* conclusively proves t h a t  vapor t r anspor t  e f f e c t s  a r e  not 
necessary f o r  rapid s p i n e l  formation, and emphasizes the  need f o r  a 
so l id - s t a t e  r eac t ion  mechanism. 
The t r u e  marker pos i t i on  f o r  coba l t  oxide ( s i n g l e  c r y s t a l )  /chro- 
mium oxide experiments was determined by measuring the  amounts of 
* St ruc tu re  of s t a r t i n g  chromium oxide i s  shown i n  Fig.  3. 
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disso lved  s p i n e l  i n  the  cobal t  oxide (Fig.  44) .  
revealed t h a t  t he  marker would be a t  the  coba l t  oxide/cobalt  chromite 
r eac t ion  i n t e r f a c e  even i f  s p i n e l  d i s s o l u t i o n  w a s  accounted f o r .  The 
only mechanism t h a t  can expla in  t h i s  marker l oca t ion  ( i n  t h e  absence 
of vapor t r anspor t  e f f e c t s )  i s  p a r a l l e l  d i f f u s i o n  of Co2+ and 02' 
through the  s p i n e l  layer .  I t  should be noted tha t  the  l imi ted  s p i n e l  
d i s s o l u t i o n  is  confirmed by the  ( o r d e r  of magnitude) slower i n t e r f a c e  
migrat ion r a t e s  as compared t o  the  s p i n e l  formation r a t e s  shown i n  
Fig.  55. T h i s  mechanism, while not genera l ly  propular,  i s  cons i s t en t  
w i t h ,  and explains  the  following experimental  observations:  
This mass balance 
( a )  Deep in t e rg ranu la r  coba l t  chromite formation along chromium 
gra in  boundaries. 
( b )  Dense, pore-free,  two-phase (chromium oxide + coba l t  chro- 
m i t e )  r eac t ion  l aye r s  ( F i g  40); if p a r a l l e l  d i f f u s i o n  of 
Cr3+ and 02- occurred, the  chromium oxide i s l ands  would 
develop poros i ty .  
(c )  Marker pos i t i ons  a t  t he  coba l t  oxide/cobalt  chromite i n t e r -  
face  reported i n  t h i s  d i s s e r t a t i o n  and by o thers .21  
( d )  Formation of a po lyc rys t a l l i ne  s p i n e l  l aye r  of g ra in  s i z e  
equal t o  the  coba l t  oxide g r a i n  s i z e  (F ig .  39). 
( e )  Formation of a po lyc rys t a l l i ne  s p i n e l  l aye r  when s i n g l e  
c r y s t a l  coba l t  oxide is  reacted w i t h  po lyc rys t a l l i ne  chro- 
mium oxide.26 
The r eac t ion  mechanisms t h a t  expla ins  most, i f  not a l l ,  observa- 
t i o n s  f o r  cobalt chromite formation is  the  p a r a l l e l  d i f fus ion  of Co2+ 
and 0'- through the  s p i n e l  layer .  
and e l e c t r o n  holes through the  s p i n e l  l a y e r  and oxygen t ranspor t  
through the  gas phase ( a s  concluded by SchmalzriedZ1 and Sockel") 
w i l l  not expla in  observed e f f e c t s .  
and Co2+ is  not cons i s t en t  with the  marker measurements i n  which 
s p i n e l  d i s s o l u t i o n  e f f e c t s  have been accounted f o r .  
Countercurrent d i f f u s i o n  of eo2+ 
Countercurrent d i f f u s i o n  of Cr* 
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The da ta  obtained i n  t h i s  s tudy are compared with those determined 
by Schma1zried2l and with t h e o r e t i c a l  rates i n  Fig. 58. 
agreement between t h e  data measured i n  t h i s  s tudy  and the  da t a  of 
Schmalzried. 
dense po lyc rys t a l  and s i n g l e  c rys ta l  specimens over a wide temperature 
range (1287-1527'C), w h i l e  Schmalzried's da t a  were obtained from 
porous* specimens reacted over a s h o r t e r  ( 1367-1500'C) 'temperature 
range. Theore t ica l  r a t e s  were determined by assuming countercurrent  
d i f f u s i o n  of Co2+ and e l e c t r o n  holes through the  r eac t ion  l a y e r  and 
oxygen t ranspor t  through the  vapor phase. Reasonable agreement e x i s t s  
between the  present  da t a  and t h e o r e t i c a l  r a t e s  determined from Sun's' 
d i f f u s i o n  da ta .  Not su rp r i s ing ly ,  reasonable agreement e x i s t s  between 
Schmalzried 's2 experimental da t a  and the  t h e o r e t i c a l  r a t e s  determined 
from Morkel and Schmalzried's4 d i f f u s i o n  da ta .  
There i s  poor 
The present  data were determined by r eac t ing  92 t o  100% 
The da ta  presented here cannot be explained on the  bas i s  of so l id -  
s t a t e  countercurrent  d i f fus ion  of Co2+ ions and e l e c t r o n  holes  and 
oxygen vapor t r anspor t .  Consequently, the  agreement w i t h  t h e  theore t -  
i c a l  r a t e  obtained by using Sun's d i f f u s i o n  da ta  i s  not meaningful. 
For a good comparison of the  proposed mechanism with theory, i t  is  
necessary to  know the  d i f f u s i o n  r a t e s  of oxygen i n  cobal t  chromite. 
These r a t e s  have not been measured, but r a t e s  of oxygen d i f fus ion  
through n icke l  chromite have been measured.43 
d i f f u s i o n  i n  n i cke l  chromite a r e  assumed t o  be va l id  f o r  cobalt chro- 
mite, the t h e o r e t i c a l  r a t e  cons tan ts  a r e  i n  good agreement (wi th in  a 
f a c t o r  of 4)  w i t h  the  experimental  ra te  cons tan ts  measured i n  t h i s  
study. 
chromite formation, t h a t  any s e t  of experimental r a t e  constants  can 
If these rates of oxygen 
I t  is  apparent f r o m  these s tud ie s ,  and the  s tud ie s  on n icke l  
* Specimen d e n s i t i e s  were not reported.  Estimated d e n s i t i e s  based 
on Schmalzried ' s  photomicrographs2 
values.  
a r e  - 80% of t h e o r e t i c a l  
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be found t o  agree with t h e o r e t i c a l  rate constants  by the proper choice 
of ava i l ab le  d i f f u s i o n  da ta .  This problem simply emphasizes the  impor- 
tance of o t h e r  techniques i n  the  i d e n t i f i c a t i o n  of r eac t ion  mechanisms. 
4 .  Impurity Ef fec t s  
Measurable impurity e f f e c t s  were observed i n  the  formation of 
coba l t  chromites from manganese-doped and silicon-doped coba l t  oxides. 
Manganese doping reduced the  chromite formation by f a c t o r s  of 2 t o  4, 
while s i l i c o n  doping increased the chromite formation ra tes  by f a c t o r s  
of 3 t o  13 (F ig .  55).  
Electron microprobe data (F igs .  49, 50b) show t h a t  t he re  w a s  some 
manganese i n  the  cobal t  chromite sp ine l ,  but t h a t  l a rge  q u a n t i t i e s  of 
manganese were associated with cobal t  chromite p r e c i p i t a t e s  i n  the 
coba l t  oxide. By comparing the i n t e n s i t y  r a t i o s  f o r  Co &y and Mn &y 
i n  the  cobal t  oxide and i n  the  sp ine l ,  one can conclude t h a t  t he re  i s  
l i t t l e  or  no enrichment o r  deplet ion of manganese i n  e i t h e r  phase 
during spinel. formation. For example, the  manganese t o  cobal t  inten- 
s i t y  r a t i o  i n  the  coba l t  oxide ( t a k i n g  an average value of I ) i s  
approximately 0.014, while the  same r a t i o  i n  the  s p i n e l  is 0.016. 
This r e s u l t  q u a l i t a t i v e l y  shows t h a t  manganese i s  incorporated i n t o  
the  s p i n e l  i n  d i r e c t  proportion t o  t h e  amount present  i n  the  coba l t  
oxide. This  r e s u l t  c o n t r a s t s  s t rongly with the  observed manganese 
enrichment i n  n i cke l  chromite formation. The observed uniform incor- 
porat ion of manganese i n t o  the  cobal t  chromite s p i n e l  can be explained 
on the  bas i s  of s imi l a r  p rope r t i e s  of cobal t  and manganese oxides. 
Both form monoxide and s p i n e l  ( A 0  and A,O,) s t r u c t u r e s  i n  which the 
ca t ions  may be doubly or t r i p l y  ionized. Consequently the re  should be 
l i t t l e  or no p r e f e r e n t i a l  p a r t i t i o n i n g  of e i t h e r  c a t i o n  t o  octahedral  
or  t e t r a h e d r a l  sites i n  the  sp ine l .  
MnO 
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Several  reasons could be given f o r  t h e  observed decrease i n  
s p i n e l  formation r a t e s  w i t h  manganese-doped cobal t  oxide. These 
explanat ions could include higher chromium d i s so lu t ion  rates i n  
the  manganese-doped cobal t  oxide, or lower coba l t  d i f f u s i o n  r a t e s  i n  
the  sp ine l .  E i the r  of these  e f f e c t s  would reduce the  net  s p i n e l  
thickness  a f t e r  a given r e a c t i o n  t i m e  and thus  decrease the  r a t e  con- 
s t a n t .  The c o r r e c t  explanat ion of the  e f f e c t ,  however, w i l l  r equi re  
much more study. 
The presence of 1 mole 8 SiO, ( c h i e f l y  a s  CozSi04) i n  cobal t  
oxide g r e a t l y  increased the  r a t e s  of cobal t  chromite formation, 
T h i s  e f f e c t  occurred by the  formation of s p i n e l  c r y s t a l s  (F ig .  52) 
i n  a coba l t  o r t h o s i l i c a t e  matrix.  There was no evidence of s i l i c o n  
or coba l t  pene t r a t ion  i n t o  the  chromium oxide (F ig .  53 ) .  Since 
s p i n e l  c r y s t a l s  were nucleated and grew from both cobal t  oxide and 
chromium oxide s i d e s  of the  s p i n e l  layer ,  and s ince  the re  was no 
evidence of cobal t  chromite pene t ra t ion  i n t o  the  chromium oxide 
( F i g s ,  51  and 53),  i t  i s  l i k e l y  t h a t  the  mechanism of s p i n e l  forma- 
t i o n  was countercurrent  d i f f u s i o n  of Co2+ and Cr3+  through the  reac- 
t i o n  layer .  This  change i n  mechanism would account f o r  the  observed 
r a t e  increases ,  s ince  the  r a t e  would be cont ro l led  by the  d i f fus ion  
of the  slower of the  two ca t ions .  In  addi t ion,  i t  is evident  t h a t  
the  mechanism must occur by r ap id  t ranspor t  of both ca t ions  through 
the  continuous cobal t  o r t h o s i l i c a t e  phase. Since t h i s  phase forms 
a e u t e c t i c  w i t h  coba l t  oxide a t  1377°C,44 the t r anspor t  through the  
l i qu id  phase a t  higher temperatures should produce a change of s lope 
i n  Fig. 55. I t  is  probable t h a t  the  increased r a t e  of cobal t  chro- 
mite formation from silicon-doped cobal t  oxides can be explained by 
rap id  countercurrent  d i f fus ion  of Co2+ and Co3+ through the  ortho- 
s i l i c a t e  phase. 
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V I  CONCLUSIONS 
There a r e  a number of genera l  conclusions from t h i s  work which 
have app l i ca t ion  t o  previous and f u t u r e  s p i n e l  s tud ie s .  These con- 
c lus ions  a r e  assoc ia ted  w i t h  t h e  th ree  major experimental  observa- 
t i o n s  of t h i s  study: dens i ty  e f f e c t s ,  s p i n e l  d i s s o l u t i o n  e f f e c t s ,  
and impurity e f f e c t s .  F i r s t ,  and perhaps most important, i t  has 
been shown t h a t  experimental  r e s u l t s  obtained from the  r eac t ions  of 
high-density oxides a r e  s i g n i f i c a n t l y  d i f f e r e n t  from those obtained 
from the  r eac t ions  of porous oxides.  Spinel  formation r a t e s  i n  
dense oxides can be orders  of magnitude slower than r a t e s  i n  porous 
oxides.  Mechanisms of s p i n e l  formation i n  porous oxides can be 
a f fec ted ,  or cont ro l led ,  by vapor-phase t r anspor t  phenomena, while 
r eac t ion  mechanisms i n  dense oxides cannot. Simple marker experi-  
ments can be in t e rp re t ed  when dense oxides  a re  used, whereas these 
markers a re  o f t e n  destroyed (by  oxidat ion)  when porous oxides  a r e  
used. The present  s tudy therefore  c a s t s  s e r ious  doubts on the 
s ign i f i cance  of m o s t  previous experimental s t u d i e s  of s p i n e l  forma- 
t i o n  i n  which porous oxides were used. Correct d e f i n i t i o n s  of the  
mechanisms of s p i n e l  formation on the b a s i s  of s t u d i e s  u t i l i z i n g  
porous oxides a r e  an ind ica t ion  of t h e o r e t i c a l  i n s igh t  rather than 
experimental  v e r i f i c a t i o n .  
Dissolut ion e f f e c t s ,  of the  s p i n e l  i n  the  r eac t an t s  or the  
r eac t an t s  i n  the  sp ine l ,  must be accounted f o r  i n  f u t u r e  s tud ie s .  
A s  has been shown i n  t h i s  work, such e f f e c t s  can con t ro l  both the  
mechanism and k i n e t i c s  of s p i n e l  formation. I t  i s  recognized t h a t  
d i s so lu t ion  e f f e c t s  would be accounted f o r  i f  observed. 
the  observat ions of these e f f e c t s  r equ i r e s  the  use of dense s t a r t i n g  
oxides and c a r e f u l  specimen prepara t ion  and examination. 
However, 
Impuri t ies  can produce measurable changes i n  the r a t e s  of sp ine l  
formation. These changes can occur w i t h  or without the  formation of 
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new phases. Since measurable e f f e c t s  can be produced by impurity 
concentrat ions of t h e  order  of 1 mole 4, it  i s  important t h a t  p u r i t y  
l e v e l s  of r eac t an t s  i n  fu tu re  s tud ie s  be documented. I n  addi t ion,  
i t  is  apparent t h a t  impurity addi t ions  t o  oxides or metals may be 
use fu l  i n  acce le ra t ing  or dece lera t ing  the  r a t e s  of s p i n e l  formation 
and thus p a r t i a l l y  con t ro l l i ng  oxidat ion behavior. 
Another general  conclusion from t h i s  work is  t h a t  r eac t ion  mecha- 
nisms must be determined by d i r e c t  experimental  techniques.  
mination of r eac t ion  mechanisms by comparison of experimental and 
t h e o r e t i c a l  reac t ion- ra te  constants  is  t o t a l l y  dependent on measured 
rates of d i f f u s i o n  of cations through the i r  r e spec t ive  sp ine l s .  
There is s u f f i c i e n t  v a r i a b i l i t y  i n  the  d i f fus ion  da ta  f o r  these  
systems t h a t  near ly  any experimental measurement w i l l  f i t  wi thin an 
order  of magnitude of a t h e o r e t i c a l  value. Any t r u e  t e s t  of the  
v a l i d i t y  of a t h e o r e t i c a l l y  determined r a t e  constant  must be based 
on p rec i se  d i f fus ion  da ta  through f u l l y  dense po lyc rys t a l l i ne  or 
s i n g l e  c r y s t a l l i n e  sp ine ls ,  and t h e o r e t i c a l  da t a  must be compared 
w i t h  experimental  k i n e t i c  da ta  determined from s i m i l a r  oxides.  
Deter- 
A. Nickel Chromite Formation 
1. 
2. 
3. 
The mechanisms of n i cke l  chromite formation from pure, dense, 
crack-free r eac t an t s  is countercurrent  d i f f u s i o n  of N i 2 +  and 
C r 3 +  through the  s p i n e l  layer .  
The mechanism of n icke l  chromite formation from porous reac- 
t a n t s  or a t  t he  sur faces  of dense r eac t an t s  is  a combination 
of vapor phase t ranspor t  of v o l a t i l e  oxides and oxygen, and 
s o l i d  s t a t e  d i f f u s i o n  of Cr3+  and N i 2 +  through the  s p i n e l  
l a y e r .  
The r a t e  of n i cke l  chromite formation i n  dense, crack-free 
oxides i s  2 orders  of magnitude l e s s  than the  r a t e s  of 
formation a t  surfaces ,  and i s  con t ro l l ed  by the  r a t e  of 
chromium d i s s o l u t i o n  i n  n icke l  oxide. 
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4. Dissolu t ion  of Cr3+ i n  n icke l  oxide occurs  a t  high (> 120O0C) 
temperatures. 
oxide is  of the  order  of 10 w t  8. 
temperature, the  Cr3+ p r e c i p i t a t e s  as n i c k e l  chromite i n  
the  n i cke l  oxide. 
The s o l u b i l i t y  of chromium oxide i n  n i cke l  
On cooling t o  room 
5. After  n icke l  chromite formation, t h i n  i n e r t  markers a r e  
found t o  be buried i n  the n i cke l  oxide a s  a r e s u l t  of chro- 
m i u m  d i s s o l u t i o n  and countercurrent  d i f fus ion  of N i 2 +  and 
Cr3' i n  n i cke l  oxide. I f  d i s s o l u t i o n  e f f e c t s  a re  accounted 
fo r ,  t he  marker w i l l  be found i n  the  s p i n e l  layer ,  and con- 
f i r m  the  Wagner reac t ion  mechanism f o r  t h i s  system. 
6. Spinel  s o l u b i l i t i e s  should be accounted f o r  i n  any mecha- 
n i s t i c  study. Other systems i n  which such e f f e c t s  w i l l  be 
found can be determined by examination of ava i lab le  phase 
diagrams. P a r t i c u l a r  sp ine l s  which w i l l  e x i b i t  t h i s  e f f e c t  
include magnesium chromite45 and magnesium aluminate. 4 6 , 4 7  
7 .  Measured r eac t ion  r a t e  cons tan ts  agree wel l  w i t h  t h e o r e t i c a l  
values determined from the  Wagner-Schmalzried theory and 
ava i l ab le  thermodynamic and d i f f u s i o n  da ta .  However, 
because of v a r i a b i l i t y  i n  the  d i f f u s i o n  data ,  t h i s  agree- 
ment should be accepted w i t h  caut ion.  
8. Additions of manganese or s i l i c o n  impur i t ies  ( a t  the  l e v e l  
to  n icke l  oxide w i l l  not a f f e c t  the r a t e  of of 1 mole $J ) 
n icke l  chromite growth. However, manganese enrichment of 
the  chromite layer  w i l l  occur when the  s p i n e l  is  formed 
from manganese-doped oxides. A two-phase n icke l  chromite + 
chromium oxide l aye r  w i l l  form from the  r eac t ion  of s i l i con -  
doped n icke l  oxide. 
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B .  Cobalt Chromite Formation 
1. The mechanism of cobal t  chromite formation i n  pure, dense 
crack-free oxides or a t  oxide sur faces  is un id i r ec t iona l  
d i f f u s i o n  of Co2+ and 02' through the s p i n e l  layer .  
2. Disso lu t ion  of Cr3+  i n  coba l t  oxide occurs a t  high tempera- 
t u r e s  (> 12OO0C). 
oxide a t  these  temperatures i s  of the order  of 5 w t  4. 
cooling t o  room temperature, the  dissolved Cr3f p r e c i p i t a t e s  
a s  coba l t  chromite i n  the  cobal t  oxide. 
The s o l u b i l i t y  of chromium oxide i n  cobal t  
On 
3 .  After  cobal t  chromite formation, t h i n  i n e r t  markers a re  found 
buried i n  the  cobal t  oxide a s  t he  r e s u l t  of chromium disso- 
l u t i o n  and countercurrent  Co2+ and C r 3 +  d i f f u s i o n  i n  the  
cobal t  oxide. If d i s s o l u t i o n  e f f e c t s  a r e  accounted fo r ,  the 
marker w i l l  be found a t  t he  cobal t  oxide/cobalt  chromite 
in t e r f ace ,  and w i l l  confirm the  r eac t ion  mechanism (unid i rec-  
t i o n a l  d i f fus ion  of Co2+ and 02- through the  s p i n e l ) .  
4 .  Formation of cobal t  chromite from cobal t  oxide doped w i t h  
1 mole $ manganese oxide r e s u l t s  i n  a slower sp ine l  growth 
r a t e .  The concentrat ion ( b y  weight) of manganese i n  the  
monoxide and the  s p i n e l  remains constant  during t h i s  react ion.  
5. Formation of cobal t  chromite from coba l t  oxide doped w i t h  
1 mole $ s i l i c o n  oxide r e s u l t s  i n  very f a s t  s p i n e l  growth 
r a t e s .  Growth occurs by countercurrent  d i f fus ion  of Co2+ 
and Cr3+  through a continuous phase coba l t  o r t h o s i l i c a t e  t o  
form la rge  s p i n e l  c r y s t a l s .  
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